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Abstract 
 
La2Mo2O9, as a new fast ionic conductor, has been investigated widely due to its high 
ionic conductivity which is comparable to those of the commercialized materials. However, 
little work has been reported on the oxygen transport and diffusion in this candidate 
electrolyte material. The main purpose of this project was to investigate oxide ion diffusion 
in La2Mo2O9 and also the factors which could affect oxygen transport properties.  
Oxygen isotope exchange followed by Secondary Ion Mass Spectrometry (SIMS) 
measurements were employed to obtain oxygen diffusion profiles. A correlation between 
oxygen ion transport and the electrochemical properties such as ionic conductivity was 
built upon the Nernst Einstein equation relating the diffusivity to electrical conductivity. 
In-situ neutron diffraction and AC impedance measurements were designed and conducted 
to investigate the correlation between crystal structure and oxygen transport in the bulk 
materials. Other techniques, such as synthesis, microstructure studies, and thermal analysis 
were also adopted to study the electrochemical properties of La2Mo2O9.  
The results of the study on the effects of microstructure on oxygen diffusion in 
La2Mo2O9 revealed that the grain boundary component played a significant role in 
electrochemical performance, although the grain size seemed to have little influence on 
oxygen transport. The oxygen isotope exchange in 18O2 was successfully carried out by 
introducing a silver coating on the sample surface, which solved the main difficulty in 
applying oxygen isotope exchange on pure ionic conductors. The ionic conductivity 
obtained from the diffusion coefficients was consistent with the result from AC impedance 
spectroscopy. The number of mobile oxygen ions was estimated to be 5 per unit cell. There 
was a difference of oxygen self diffusion coefficient when the isotope exchange was 
conducted in 18O2 and H218O. The activation energy of oxygen diffusion in humidified 
atmosphere was higher than that measured in dry atmosphere. It indicated that the 
humidified atmosphere had affected oxygen transport in the material. The studies on 
hydroxyl incorporation and transport explained the decreased oxygen diffusion coefficients 
in wet atmosphere and also suggested proton conductivity in La2Mo2O9, which leads to 
further investigation on applications of La2Mo2O9 as a proton conductor. In-situ neutron 
diffraction and AC impedance measurement revealed a close relationship between crystal 
structure and ionic conductivity. The successful application of this technique provides a 
new method to simultaneously investigate crystal structure and electrical properties in 
electro-ceramics in the future. 
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TPB — triple phase boundary  
VTF — Vogel-Tamman-Fulcher  
YSZ — yttria stabilized zirconia  
XRD — X-ray diffraction 
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Chapter 1   
Introduction  
 
1.1 Research Background 
Solid ionic conductors (solid electrolytes) are characterized by a high mobility or high 
concentration of ionic defects. They can conduct electricity by the passage of ions through 
the materials. Four categories can be classified: 1) ion exchangers, which involves 
exchanges between two different species of high mobility in the solids; 2) solid electrolytes, 
in which a specific type of species, either cation or anion, transports in the solids which are 
normally electrical insulators; 3) electrodes, which are mostly mixed ionic-electrical 
conductors; 4) chemical stores, in which the mobile ions are involved in the insertion and 
extraction reaction [1]. The solid ionic conductors have found wide applications in the past 
few decades in many fields. For example, proton conductors have been applied in polymer 
electrolyte membrane fuel cells (PEMFCs) and oxygen ion conductors have been used in 
solid oxide fuel cells (SOFCs) [2]; Lithium-ion batteries using Li+ conducting electrolytes 
are extensively used in portable electronics [3]; oxygen gas sensors for determination of 
oxygen in molten steel in metallurgy or for analyzing the exhaust gases to control the 
combustion process for environment protection and fuel saving purposes [4]. Studies by 
various techniques on the structures of the solids, ion transport mechanisms, and 
electrochemical properties are critical in optimizing the known ionic conductors and also 
providing guidelines for discovering new solid ionic conductors.   
One of the interesting groups in solid ionic conductors is oxygen ion conductors in 
which current flow occurs by the thermally-activated hopping of oxygen ions among 
crystal lattice sites [5]. Their ionic conductivities are comparable to those of liquid 
electrolytes, especially at higher temperatures. Because oxygen ions are big (radius~1.40 
Å), doubly charged ions that interact strongly with the cation network, the materials 
exhibiting high oxygen ion conductivities have specific structural features which provide 
open space for oxygen transport. Moreover, the crystals must contain unoccupied positions 
equivalent to those oxygen sites so that oxygen can migrate in the material [6]. Oxide ion 
conductors have been widely used as components of fuel cells, oxygen sensors and 
oxygen-permeable membranes [2, 7-9]. 
Most of the ionic conductors are mixed conductors. Only a few materials are qualified to 
be “pure” oxygen ionic conductors which means the electronic conduction is negligible. 
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Among these materials, yttria stabilized zirconia (YSZ) is extensively studied and has 
become the most common oxygen ionic conductor because of its high ionic conductivity.  
However, in most of its applications, high temperatures are required to achieve a high 
efficiency. For example, solid oxide fuel cells using YSZ as the electrolytes are supposed 
to be operated at about 1000˚C. There are many problems caused by such high temperature 
such as the high cost of materials, materials compatibility between the electrolyte and the 
electrodes, and the stability of electrolytes etc. Therefore, a lot of research has been done to 
find alternative ion conductors that operate and will perform well at a lower temperature. 
 
1.2 Research Motivation 
Due to the rigorous demands on the materials for applications such as SOFC electrolytes, 
there are not many pure oxygen ionic conductors which can replace the commonly used 
yttria stabilized zirconia (YSZ) or cerium gadolinium oxide (CGO).  
La2Mo2O9, as a new fast ionic conductor, was introduced by Lacorre in 2000 [10]. It has 
been investigated widely due to its high ionic conductivity which is comparable to those of 
the commercialized materials such as YSZ. The material, however, undergoes a phase 
transition at 580˚C, from a cubic form β-La2Mo2O9 at high temperature to a distorted α-
La2Mo2O9 at low temperature, which results in a great degradation of conductivity by two 
orders of magnitude [10]. Some substitutions on La or Mo sites are proven to suppress the 
phase transition and the doping of W at Mo sites has been demonstrated to improve the 
stability under reducing atmospheres [11-13]. The derived materials are called the 
LAMOX family which is considered as one of the promising alternatives for commercial 
use.  
By now, there have been many studies on the synthesis process, electrochemical 
properties, and rare earth element substitution [12, 14]. However, little work has been done 
on the oxygen transportation and diffusion in this candidate electrolyte material although to 
some extent the high ion conductivity implies high oxygen ion transportation. 
This project has investigated the oxygen ion diffusion mechanism in La2Mo2O9, as a 
function of microstructure, oxygen exchange atmosphere and temperature. The synthesis 
route has been optimized to obtain materials with different microstructures, in order to 
study the effects of microstructure on the electrochemical properties. The oxygen diffusion 
coefficients have been obtained by oxygen isotope exchange and diffusion followed by the 
Secondary Ion Mass Spectrometry (SIMS) technique and correlated with the oxygen ionic 
conductivity from the alternating current (AC) impedance spectroscopy. Different 
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exchange atmospheres have been applied to investigate the influence of atmosphere on the 
oxygen surface exchange and ion transport in the material. The role of proton/hydroxyl 
species in the diffusion has also been investigated. 
 
1.3 Thesis Outline 
As stated by the thesis title, this thesis explores mass transport and electrochemical 
properties of the La2Mo2O9 material. The first chapter is the introduction which includes 
the research background and motivations. The second chapter is a brief overview of the 
current ionic conductors and a summary of the previous studies carried out on the LAMOX 
family related to the crystal structure, synthesis methods, electrochemical properties and 
substitutions on La or Mo sites. The theory of ion transport in the solids is also included. 
The following chapter describes the methodology and techniques employed in this work, 
among which the oxygen isotope exchange and diffusion measurement with analysis by 
SIMS is highlighted.  
 
Effects of 
Microstructure
Dry Exchange 
in 18O2
Wet Exchange 
in H218O 
Neutron 
diffraction & 
AC 
Impedance 
Result-Part I Result-Part IV
Result-Part II Result-Part III
Application of 
silver coating
& its effects on 
the surface
Comparison 
of different 
exchange 
atmospheres
Correlation 
between 
crystal 
structure & 
oxygen 
transport
 
Fig 1.1 Descriptions of the four results chapters and their links 
 
There are four results chapters, as displayed in Fig 1.1. The first part is to investigate the 
effects of microstructure on electrochemical properties and oxygen transport by applying 
different synthesis routes. Silver coating is introduced in oxygen isotope exchange and 
diffusion measurements, of which the effects on oxygen surface incorporation are 
investigated in detail in the following chapter. However, differences between the obtained 
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oxygen diffusion coefficients in dry atmosphere and the previously reported data [15] 
which was carried out in H218O atmosphere is noticed. Therefore, humidified atmosphere is 
employed to study whether different exchange environments will lead to influences on 
surface exchange and mass transport in the material. At the end, neutron diffraction is 
adopted to record the crystal structure change during the in-situ AC impedance 
measurement, in order to correlate the oxygen transport with the crystal structure, 
especially during the phase transition.  
The last chapter discusses the highlights in the results and summarizes the conclusions. 
Future work which is necessary in understanding the mass transport mechanism in 
La2Mo2O9 is also suggested.  
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Chapter 2   
Literature Review 
Research Background of La2Mo2O9-based Oxide-ion Conductors 
 
2.1 Introduction 
Fast oxide-ion conductors have received considerable attention in the past few decades 
in relation to their potential application as oxide-ion electrolytes in solid state devices, such 
as SOFCs [16]. To achieve high ionic conductivity, specific crystal structures are normally 
required to exhibit high mobility of oxygen ions. As proposed by Boivin [17], in order to 
favour high oxygen ion mobility, the existence of equivalent crystallographic sites is 
required for oxygen ions to move. Therefore, most of the fast oxide-ion conductors exhibit 
a cubic or nearly cubic structure which belongs to a high symmetry system. However, 
some other materials with low dimensional structures exhibit high anisotropic conductivity 
with oxide-ion conduction occurring in conducting planes despite having non-cubic 
symmetry. The main structural characteristics of different classes of oxide-ion conductors 
will be discussed later in detail.  
La2Mo2O9, and the so-called LAMOX family, are considered as competitive candidates 
for electrolytes due to their high ionic conductivities. Extensive studies have been carried 
out on this material family regarding the structure, synthesis routes, and electrochemical 
performance improvements. In this chapter, the background of La2Mo2O9-based oxide-ion 
conductors will be reviewed. Moreover, the theory of oxygen conduction and diffusion in 
solid state oxides will also be discussed.  
 
2.2 Fast Oxide-ion Conductors 
2.2.1 The Fluorite and Fluorite-type Oxides 
The fluorite structured oxides are the best known and most widely investigated type of 
oxide electrolyte. The fluorite crystal structure consists of a simple cubic oxygen lattice 
with alternate body centres occupied by eight coordinated cations; in other words, oxygen 
ions are located in the tetrahedral positions surrounded by the cations, as shown in Fig 2.1. 
A peculiar feature of this type of crystal structure is that it sustains a high degree of 
substitution by which oxygen vacancies can be introduced into the structure to supply 
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enough sites for oxygen ions migrating in the lattice, therefore to improve the ionic 
conductivity.   
 
 
Fig 2.1 The fluorite structured MO2. Blue spheres-oxygen sites; red spheres-M cation sites[5] 
 
    ZrO2 is a typical fluorite type oxide. Because the small radius Zr4+ ion (0.084 nm) is less 
than the required cation size (0.1 nm) to sustain a stable eight coordination environment 
[17], pure ZrO2 exhibits a slightly distorted structure, monoclinic, at room temperature. 
The structure changes to a tetragonal structure at 1170˚C, then to a cubic structure at 
2340˚C [18]. The substitution on Zr4+ sites with a lower valence ion, such as Y3+, Sc3+, 
Yb3+ etc [19, 20], leads to stabilization of the cubic phase or the tetragonal phase 
depending on the dopant concentration and the synthesis temperature. The substitution also 
introduces vacancies in the structure which is indispensible for oxygen ion conduction [21]. 
The ionic conductivity of the stabilized zirconia depends on the substituting cation and the 
concentration of the dopant [22]. Although the increase of the vacancy concentration by 
doping would lead to a conductivity increase, there is a maximum percentage of the dopant 
beyond which the defect interactions between dopant cations and vacancies that can no 
longer contribute to the conductivity. Typically, the optimum percentage is between 8% 
and 12% which might vary for different dopants [6].  Taking into consideration the 
chemical stability in commercial applications, the most common doped zirconia compound 
is 8YSZ (8 mol% Y2O3 doped ZrO2) [8]. However, the application of YSZ in SOFC 
requires high operation temperature (800~1000˚C) to achieve high ionic conductivity. 
Pure CeO2 is a mixed conductor with almost the same partial conductivities of oxygen 
ions, electrons, and holes [23].  With the introduction of oxygen vacancies by substitution 
with Y2O3, Gd2O3, Sm2O3 etc [23, 24], the doped CeO2 becomes an excellent solid 
electrolyte with high ionic conductivity. It has been reported that the ionic conductivities of 
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ceria rare earth oxide systems depend on the ionic radii of the doped cations [8]. Among all 
the ceria based phases, gadolinia doped ceria (CGO) is considered to be a promising 
candidate as a solid electrolyte at 550~650˚C because of its excellent oxide ion 
conductivity. CGO10 (Ce0.9Gd0.1O1.9) is preferred as the solid electrolyte, displaying an 
ionic conductivity as high as 0.01 S·cm-1 at 500˚C. The main problem with this material is 
the reduction of Ce4+ to Ce3+ in reducing atmospheres, which leads to an increase in 
electronic conductivity and nonstoichiometry in the material [25]. CGO20 also attracted 
much attention during the past decade, but it still suffers from the reduction of cerium at 
lower oxygen partial pressures. Additionally, Sm-doped ceria has been reported to be more 
stable than CGO10 under reducing conditions, and some studies have been carried out on 
co-dopants, such as Sm-Pr, in ceria in order to improve its stability [26].  
Highly conductive bismuth oxide and bismuth mixed oxides have been first reported by 
Takahashi et al [27]. At low temperature, the structure of Bi2O3 is monoclinic, and it 
converts at 729˚C into the face-centered cubic δ-Bi2O3 which is stable up to the melting 
point at 824˚C. On cooling, a metastable tetragonal β-Bi2O3 or body-centered cubic γ-
Bi2O3 form can be obtained depending on the cooling conditions. δ-Bi2O3 exhibits the 
highest conductivity which is one or two orders of magnitude higher than that of YSZ at 
the corresponding temperature [28]. However, its structure is highly disordered because the 
anion network contains 25% intrinsic vacancies. Although pure Bi2O3 is not suitable for 
practical applications due to the limited range of stability and the phase transition, solid 
solutions based on the fluorite-related oxide Bi2O3 are extensively studied. δ-Bi2O3 phase 
can be stabilized by both isovalent cations such as Y3+ and Ln3+ [28], and aliovalent 
cations such as Ca2+, V5+, Nb5+, W6+ etc [6]. The substitution of two different metal oxides 
instead of only one favours the stabilization at distinctly low concentration of the oxides 
[29], which is attributed to the corresponding entropy increase in the multi-doped systems.  
 
2.2.2 The Perovskite and Perovskite-type Oxides 
The general formulation of the perovskite structure is ABO3, where A is typically a rare 
earth cation and B is a transition metal ion. Typically, the smaller B-site ions are 
surrounded by six coordinated oxygen ions, forming BO6 octahedra. The A-site cations are 
located at the centre of eight BO6 octahedra and 12 coordinated by the oxygen ions in the 
lattice. The unit cell structure is shown schematically in Fig 2.2.  
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Fig 2.2 The schematic graph of the perovskite structure [30] (blue spheres – B cations; yellow 
spheres – A cations; red spheres – oxygen ions) 
 
Like the fluorite structure, substitution of A and B cations by aliovalent dopants is an 
easy way to introduce more vacancies which can promote the mobility of oxygen ions. 
Among all the substituted materials, the doped LaGaO3 materials have attracted a lot of 
interest.  The best performances have been obtained with substituting lanthanum gallate by 
Sr2+ and Mg2+ on the La3+ and Ga3+ sites respectively. The reported material, 
La0.9Sr0.1Ga0.8Mg0.2O2.85 (LSGM), exhibits a high conductivity of 0.1 S·cm-1 at 750˚C [31]. 
Therefore, LSGM is suggested to be used as the electrolyte in SOFCs operating at 
intermediate temperatures. Research by the same authors revealed that another doped 
material, (La0.9Nd0.1)0.8Sr0.2Ga0.8Mg0.2O2.85, suppressed the electronic conduction at high 
oxygen partial pressure and exhibited pure ionic conductivity from 1 to 10-24atm in the 
temperature range from 700 to 1000˚C.   
There are some other perovskite-structured ionic conductors, for example, BaCeO3 and 
SrZr1-xMxO3-δ. However, the introduction of cation doping leads to oxygen deficiency 
which gives rise to distortion of the structure. Additionally, the order/disorder transition 
temperature is usually too high for application [7]. Current studies are being carried out to 
optimize the electrical properties, but the LSGM family is still considered as one of the 
most competitive groups of materials for intermediate temperature SOFCs.   
The brownmillerite structure, of which the general formula is A2BB’O5, is closely 
related to the perovskite structure. It contains 16.66% intrinsic oxygen vacancies in the 
structure. The difference from the perovskites is that brownmillerites exhibit alternate 
distorted octahedral and tetrahedral sheets, instead of octahedral sheets in perovskites. A 
typical material in this family is Ba2In2O5 [32]. The conductivity at 800˚C is close to 10-3 
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S·cm-1 (p(O2) = 10-6 atm) and is increased to 10-1 S·cm-1 after the phase transition from the 
brownmillerite structure to the perovskite structure at high temperature.  
 
2.2.3 The Layered Aurivillius Type Oxides 
The aurivillius phase is a type of layered perovskite structure, for which the general 
formula is (Bi2O2)-(An-1BnO3n+1), with alternating layers of Bi2O2 sheets between the 
perovskite blocks, as shown schematically in Fig 2.3. A typical aurivillius phase material, 
Bi4V2O11, is reported to exhibit two main reversible phase transitions: α↔β at 450˚C and 
β↔γ at 570˚C, and have a high ionic conductivity of 0.1~1 S·cm-1 for the γ phase [33]. In 
order to suppress the phase transitions and stabilise the γ phase, partial substitution for 
vanadium has been applied. Among these doped materials, the so-called BIMEVOX 
family which is derived from the parent compound Bi2O3-V2O5 exhibits promising 
properties. For instance, BICUVOX10 obtained by the partial substitution of 10% copper 
for vanadium shows a conductivity of 10−3 S·cm−1 at 300˚C [34]. Other materials such as 
BICOVOX and BIMGVOX (Co and Mg doped Bi2O3-V2O5) have also attracted 
considerable attention [35]. These materials are mainly pure oxide ion conductors and are 
good candidates as electrolytes. The main drawback of these materials is their poor 
stability under reducing conditions, which rules them out of the application in a low 
oxygen partial pressure atmosphere [36].  
 
(Bi2O2)2+ sheets
Bi
Nb Ti
O
 
Fig 2.3 A representation of the layered Aurivillius structure, (Bi2O2)-Bi(Ti, Nb)2O7 [30] 
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2.2.4 The Apatite Type Oxides and Others 
Recently, some studies have discovered a new type of ionic conductor, the apatite-
structured oxide which is derived from Ca5(PO4)3F. The La10Si6O27 and La10Ge6O27 based 
materials have been identified as good ionic conductors [37]. Sr doped La10Si6O27 and 
La10Ge6O27 materials exhibit an ionic conductivity of 0.14 S·cm-1 at 950˚C, independent of 
the oxygen partial pressure from p(O2) = 1~10-21 atm. However, little is known about the 
compatibility of these materials with the electrode materials.  
There are some other ionic conductors with different structures, such as pyrochlore 
oxides and a mono-dimensional bismuth-based material Bi26Mo10O69 with low symmetry, 
etc [6]. Much more is still required before the conclusion is drawn that they are suitable as 
electrolytes in SOFCs or in other applications. In addition to improving the existing 
materials, many efforts have been made to develop novel highly ionic conductive materials.  
 
2.2.5 Designed Fast Oxide-ion Conductors 
Attempts have been made to design new oxide-ion conductors, in order to obtain high 
ionic conductivity at relatively low temperatures. As discussed above, there are two 
strategies to introduce oxygen vacancies to improve the ionic conductivity: one way is to 
choose materials with intrinsic vacancies; the other is to substitute aliovalent cations into 
the structure, creating extrinsic oxygen vacancies [38]. Moreover, new structural families 
need to be explored.  
Recently, a new type of oxide ion conductor has been reported by Lacorre and 
coworkers, La2Mo2O9, which exhibits good electrical conductivity at lower temperatures 
[10]. Its ionic conductivity, as high as 6×10-2 S·cm-1 at 800˚C, is comparable to or higher 
than those of the widely used oxide electrolytes such as YSZ and CGO. This group of 
materials is considered as one of the most competitive alternatives to YSZ and has 
attracted a lot of interest in the past few years. The material was designed by considering 
substituting β-SnWO4 with La and Mo, which will be discussed in detail in the next section. 
The new approach of finding new intrinsic vacancy oxide-ion conductors is called the 
“lone pair substitution”.  
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2.3 La2Mo2O9  
2.3.1 Lone Pair Substitution 
Lone Pair Substitution (LPS) was introduced firstly by Lacorre [39], and could be used 
to design new anion conductors from already known materials. It is well known that for 
some elements, there is a lone pair of electrons in the valence shell, occupying a position 
normally occupied by a ligand in the element without a lone pair. Because of the similarity 
between a lone pair (usually represented by E) and an oxide ion, when the element is 
replaced by one without a lone pair, the same structure will be kept while leaving a 
vacancy (denoted as □) through which oxygen can migrate. The LPS is expected to be an 
original way to discover new classes of materials, especially the parent compounds of 
materials with the same properties.  
 
Table 2.1 Suggestions of lone-pair cations with possible substituting cations of similar size [39] 
Lone-pair cation 
(charge +n) 
Isovalent substitute 
(charge +n) 
Aliovalent substitute 
(charge +(n+1) ) 
Ga+ Mg+, Cu+ Zn2+ 
In+ Na+ Sr2+, Cd2+ 
Tl+ K+, Rb+, Ga+ Ba2+, Hg2+ 
Ge2+ Mg2+, Cr2+, Ni2+, Cu2+, Zn2+ Mo3+, Nb3+, Ta3+, Sc3+, Ag3+ 
Sn2+ Sr2+, Eu2+, Dy2+, Yb2+ La3+, Ce3+ 
Pb2+ Sr2+ – 
As3+ Mn3+ V4+, Rh4+ 
Sb3+ Sc3+, In3+ Hf4+, Zr4+, Sn4+ 
Bi3+ La3+, Ce3+, Nd3+, Pr3+ Th4+ 
Se4+ Mn4+ Cr5+, V5+ 
Te4+ Pb4+, Zr4+, Th4+ – 
Po4+ Th4+, Ce4+, Pb4+ – 
Br5+ V5+, As5+ Cr6+, Se6+ 
I5+ Nb5+ W6+, Mo6+ 
 
The substitution of the element with a lone pair could be either isovalent or aliovalent, 
provided they have the similar size. For instance, ZrO2, the most common oxide-ion 
conductors, could be derived from Sb2O3E2 by substituting Sb3+ with Zr4+. Even though 
one oxygen atom has to be introduced in the structure for charge neutrality, one vacancy 
will still be available for oxygen migration in the derived material, Zr2O3+1□.  
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    As to the lanthanum molybdate La2Mo2O9, it can be viewed as β-SnWO4 substituted by 
La3+ and Mo6+. In the tin tungstate, Sn2+ is a cation with a lone pair so that it can be 
reformulated Sn2W2O8E2. Substituting Sn2+ by La3+ which has no lone pair, the 
formulation of the lanthanum molybdate can be rewritten as La2Mo2O8+1□ (see Fig 2.4). 
One oxygen atom is added to compensate for the cation valence increase. The extra 
vacancy left in the structure allows for oxygen conduction. 
Lacorre also suggests a tentative list of lone-pair cations and possible substitutes [39], as 
shown in Table 2.1. In addition to the substitutions in the structure, other conditions might 
need to be considered such as the tolerance of the counter-cations. 
 
2.3.2 Crystal Structure of La2Mo2O9 
2.3.2.1 High-temperature Phase 
The La2Mo2O9 material has a different crystal structure from the previously studied 
oxide electrolytes which are mostly fluorite or perovskite. It undergoes a phase transition at 
approximately 580˚C, from a high-temperature form β-La2Mo2O9 to a less conductive 
phase α-La2Mo2O9 at low temperature, which results in a degradation of conductivity by 
almost two orders of magnitude.  
 
β-SnWO4 β-La2Mo2O9
   
(a)                                                                      (b) 
Fig 2.4  (a) Cationic environments in β-SnWO4  and β-La2Mo2O9 [12] (b) Oxygen coordination 
around La and Mo ions in β-La2Mo2O9 (different O sites noted on oxygen ions) [40] 
 
The structure of the high-temperature form β-La2Mo2O9 is revealed to be a cubic cell 
(space group P213) with a = 7.2014 Å at 617˚C determined by both X-ray and neutron 
diffraction patterns [41]. La and Mo cations are located at 4a positions, alternating to form 
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a lattice of slightly distorted parallelepipeds. Oxygen O1 positions (4a sites) are fully 
occupied, and the oxygen O2 positions and O3 positions (12b) are partially occupied.  
Therefore, oxygen ions can migrate in the material via oxygen vacancies. The thermal 
factors of oxygen atoms are large, indicating the oxygen conduction is three dimensional in 
nature. Besides, from the neutron diffraction pattern, a structural oxygen disorder is likely 
to be caused by oxygen diffusion, leading to short-range order.  
Fig 2.4 (a) compares the structure of β-SnWO4 and β-La2Mo2O9. By substitution of Sn2+ 
and W6+ with La3+ and Mo6+, the corresponding octahedron around lanthanum is less 
distorted without the lone pair, and extra oxygen O3 partially occupies the position of the 
lone pair, with La-O distances ranging from 2.40 Å to 2.92 Å. The molybdenum 
coordination is distorted because the O2 sites are partially occupied and extra oxygen O3 
are located on the other side of the triangular face. Fig 2.4 (b) shows the oxygen 
coordination environments around La and Mo ions in β-La2Mo2O9, displaying the average 
oxygen positions around the cation ions. Each individual oxygen ion is located at a 
position which differs from the average position because O2 and O3 sites are partially 
occupied. The ligand arrangement around Mo6+ can be described as MoO4 tetrahedra and 
more distorted MoO5 hexahedra. The Mo-O bond lengths are different in these two Mo 
coordination environments and the crystallographic distinct oxygen ions. It is noted [42] 
that Mo-O1 bond lengths in MoO4 and MoO5 are different, suggesting the splitting of O1 
sites into two groups, which is also observed by Nuclear Magnetic Resonance (NMR) 
studies [43]. The lanthanum polyhedra are more complex. La cations are surrounded by 
eight oxygen ions or seven oxygen ions, with O2 and O3 neighbours at two different 
coordination shells and three nearest O1 neighbours, forming LaO8 and LaO7 polyhedra 
connected by sharing oxygen ions.  
Introducing another type of structural representation in terms of the coordination sphere 
of the anions [43, 44], site O1 is surrounded by 4 cations (1Mo and 3La) forming a 
tetrahedron and sites O2 and O3 by 3 cations (1Mo and 2La) forming distorted triangles, as 
shown in Fig 2.5. As to the conduction, the fully occupied O1 site is the least likely to be 
concerned with the oxide ion conduction, while the O2 and O3 sites have accessible 
equivalent sites. This is coherent with the LPS concept mentioned above and the charge 
carrier concentration involving mostly O3 and partial O2 sites. Therefore, the distances of 
O2-O2 and O3-O3 are short, making it favourable for oxygen ions to migrate among these 
sites [45]. They define a 3-dimensional extension of possible conduction paths within the 
[O1LaMo] rigid framework [45]. This crystal structure is more likely to reflect the β-
La2Mo2O9 microstructure and transport properties. At high temperature, the oxygen 
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mobility is favoured by the additional volume due to the opening of the [O1LaMo] cage 
through rotation of the anti-tetrahedral units [40, 46].  
 
 
Fig 2.5 [O1La3Mo] anti-tetrahedral units linked through La ions, forming a cage where O2 and 
O3 are located (not shown in the graph) black spheres – Mo6+ ions; white spheres – La3+ ions [44] 
 
2.3.2.2 Low-temperature phase 
Compared with β-La2Mo2O9, the structure of α-La2Mo2O9 is more complicated. It has a 
lower symmetry than the cubic form β-La2Mo2O9. The extra small peaks in X-ray and 
neutron diffraction patterns indicate a superstructure related to β-La2Mo2O9, which is 
consistent with a large number of small dots observed in the electron diffraction patterns 
[41]. After the failure to fit the diffraction pattern to an orthorhombic distortion, it is 
thought that the true symmetry is monoclinic, with a 2×3×4 superstructure. It is hard to 
determine the superstructure of α-La2Mo2O9 because of the large cell volume. Another 
work [47] gives the details of the superstructure which contains 48 La, 48 Mo, and 216 O. 
In this superstructure, La3+ cations tend to have higher coordination numbers between 6 
and 12 oxygen ions, with 30 out of the 48 La atoms being nine-coordinated. On the other 
hand, there are three types of coordination of the Mo atoms: 15 tetrahedral, 15 trigonal 
bipyramidal and 18 octahedral. It is thought that the coordination environment for the Mo 
cations is the key for producing migration path of oxide ions. Further studies are demanded 
and it is still a great challenge to determine the complete crystal structure of α-La2Mo2O9. 
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2.3.2.3 Phase Transition 
As is mentioned before, the phase transition from α-La2Mo2O9 to β-La2Mo2O9 occurs at 
around 580˚C. It is usually suggested to be an order-disorder phase transition with a 
significant increase of the conductivity [43]. Neutron atomic pair distribution function 
(PDF) analysis has been used to probe in detail the nature of the phase transition [48]. 
There is evidence that the local structure of the high-temperature phase is exactly the same 
as that of the monoclinic phase during the phase transition, which implies that the nature of 
α→β phase change is a transition of the distribution of the oxygen defects, from long-range 
order to dynamic, short-range order. Although the high-temperature conductive phase is 
indexed as a cubic structure, it is indicated to be a time-averaged version of the monoclinic 
phase, which is also stressed by Evans and co-workers [47]. Moreover, the study [48] has 
also proposed that the conduction mechanism is based on the local change of Mo-O 
coordination environment with time due to the oxygen ion transport through vacancies. 
During the phase transition from α-La2Mo2O9 to β-La2Mo2O9, an oxygen ion migrates 
from a Mo-O polyhedron with a higher coordination number to a vacancy on another Mo-
O polyhedron, which is considered, from the average probe, as two sites with partial 
occupancy.  
Thermal analysis has revealed the phase transition is thermodynamically first order, 
which is characterized by the hysteresis phenomenon during heating  and cooling [49, 50]. 
However, Hayward et al [51] have found that the behaviour of α-La2Mo2O9 is dependent 
on the thermal history of the materials. The phase transition to β-La2Mo2O9 is 
thermodynamically second order if the material is quenched after synthesis. It reverts to a 
first order transition in the subsequent slow cooling and re-heating. The explanation is that 
the high-temperature dynamic disordered structure is replaced by static disorder after 
quenching therefore the phase transition is between static disorder to dynamic disorder 
which is a second order transition. The second order transition does not lead to internal 
stress due to the continuous change of crystal structure thus is beneficial to the application 
of La2Mo2O9.  
The oxygen transport mechanism of La2Mo2O9 undergoes a change with the phase 
transition from a thermal activated Arrhenius type at low temperature to a thermally 
assisted VTF (Vogel-Tamman-Fulcher) type [12]. As discussed above, at high temperature, 
the β-La2Mo2O9 structure is flexible enough to accommodate [O1La3Mo] anti-tetradehral 
rotation, leading to a volume increase which is shown along with the conductivity increase. 
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The released extra free volume is likely to favour the mobility of oxygen ions, which is the 
explanation for the Arrhenius-VTF change [46].  
    The phase transition of La2Mo2O9 gives rise to an increase of cell parameters which has 
a detrimental effect on the thermal stability of electrolytes. This drawback limits its 
application and many studies have been carried out to suppress the phase transition to 
stabilize the β-La2Mo2O9 phase at room temperature.  
 
2.3.3 Electrical and Other Properties 
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Fig 2.6 Conductivity of La2Mo2O9 (from micro-scale and nano-scale powder respectively) 
compared with other promising fast oxide ion conductors (data from [5, 10, 52]) 
 
    The conductivity of β-La2Mo2O9 was reported as 0.06 S·cm-1 at 800˚C [10] when it 
was firstly introduced, higher than that of the commercialized YSZ materials, which makes 
it a promising material to be used as an electrolyte. The electrical conductivity has been 
greatly improved by optimized powder synthesis and processing. The ionic conductivity 
value has been reported to reach 0.12 S·cm-1 at 800˚C when the sample was made from 
nanocrystalline powder [53]. Fig 2.6 compares the conductivities of La2Mo2O9 in previous 
publications with those of other promising fast oxide ion conductors. At high temperature, 
the conductivity of La2Mo2O9 is comparable to that of CGO, higher than those of LSGM 
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and YSZ. Although the low-temperature phase is less conductive, the extensive studies on 
stabilizing β-La2Mo2O9 at room temperature have been proven to be successful [12].   
However, in order to assess the applicability of La2Mo2O9 as a fast ionic conductor, one 
has to evaluate the chemical stability of the material, especially when it comes to the 
application as the electrolyte of SOFCs which is exposed to a highly reducing atmosphere 
on the anode side. Lanthanum molybdate compounds with molybdenum ions of mixed 
valance have been observed in La2Mo2O9 phase, such as La7Mo7O30 [54] in a mild 
reducing atmosphere and La2Mo2O7 [55] in a strong reducing environment. In an 
atmosphere of 5% H2 / 95% Ar flow, decomposition of La2Mo2O9 is observed at 
temperatures above 650˚C and further reduction leads to material amorphization [56]. The 
reduction is easily recovered by annealing under oxidising conditions but fractures are 
observed after the reduction/oxidation cycles which might be due to microstructure 
degradation [56, 57]. The tolerance of oxygen loss in β-La2Mo2O9 is up to 0.5 per formula 
unit in some reports [56] before amorphization is observed. However, other studies [58] 
have reported oxygen loss of up to 1 per formula unit when the material still retains its 
structural framework. W6+ substitution on Mo6+ sites has been proven to be effective in 
preventing reduction and improving the stability, which will be discussed later in this 
chapter.  
For ionic conductors, the role of minor electronic conductivity is critical in assessing the 
applicability of the materials. Subasri and co-workers [59] reported that the main 
contribution to the total conductivity is electronic conduction by oxygen permeation and 
electromotive force (EMF) technique. However, the results might have been affected by 
electrode polarization, leading to an underestimation of ionic conductivity and an 
overestimation of electronic conduction [60]. On the contrary, it has been reported [61, 62] 
by transport number measurements, the fraction of the total conductivity due to ionic 
conduction is greater than 99% at approximately 700˚C and 97% at 900˚C, which means 
the material is a nearly pure ionic conductor. The conductivity result obtained from the AC 
impedance method correlates well with the number of mobile oxygen ions from SIMS 
measurements [15], and it confirms that the main contribution to the conductivity in 
La2Mo2O9 is ionic conduction.  
The electronic conductivity increases as the oxygen partial pressure decreases, which 
indicates n-type electronic transport in the material, due to the oxygen losses from the 
lattice: 
_
2 22
1
eVOO OO ++⇔
••×
                                        (2.1) 
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The total electrical conductivity is stable for a p(O2) range of 1~10-5 atm at 800˚C, showing 
no obvious degradation [61, 63]. However, the contribution of the electronic conductivity 
is reported to increase from less than 1% to 5% in this p(O2) range. The electronic 
conductivity is thus suggested to be negligible with the ionic conductivity dominating the 
total conductivity in this region. At 800˚C, La2Mo2O9 is stable until p(O2) is decreased to 
10-13 atm, and below this pressure, it decomposes to La7Mo7O30 [63, 64]. Tarancón et al 
[61], however, reported a stable conductivity at this temperature when p(O2) was in the 
range 1~10-17 atm, after which a typical n-type electronic contribution was observed. These 
aforementioned studies imply that La2Mo2O9 is suitable for application in SOFCs, where 
the anodic side of the electrolyte is usually under an oxygen partial pressure of 10-10 atm. 
However, the stability of La2Mo2O9 is considerably reduced when the temperature is above 
800˚C.  
The thermal expansion behaviour of a solid electrolyte is also essential. The thermal 
expansion coefficient of La2Mo2O9 is 14.1~16.0×10-6 K-1 at low temperature (α- La2Mo2O9) 
and 16.4~22.5×10-6 K-1 at high temperature (β-La2Mo2O9) [63, 65]. These values are much 
higher than those of YSZ and other oxide ion conductors (9~11×10-6 K-1) [66]. The 
relatively large thermal expansion is considered to be caused by the disordering of the 
oxygen lattice and minor oxygen loss during heating. It remains a hindrance for the 
compatibility of La2Mo2O9 with common electrodes. 
The mechanical and chemical compatibilities between electrode and electrolyte 
materials are crucial in fuel cell applications.  Several studies have been done to investigate 
the chemical compatibility of La2Mo2O9 with a few common electrode materials. It is 
shown that La2NiO4+δ, La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) are not the compatible electrode 
materials to be used with La2Mo2O9 because of the reactions at low temperature (about 
600˚C). With La0.8Sr0.2MnO3-δ (LSM), the reaction only starts between 700~800˚C, the 
chemical compatibility still needs to be improved [67, 68]. Studies [69] also revealed high 
reactivity with most of the typical electrodes used in SOFCs, especially electrode materials 
containing alkaline elements and cobaltites. The reactivity is related to molybdenum 
diffusion towards electrodes and alkaline cation diffusion into the β-La2Mo2O9 structure, 
leading to formation of different reaction products [69, 70]. The prospective anode 
materials are suggested to be Ni-CGO [68] which is not reactive with La2Mo2O9 and has a 
comparable thermal expansion coefficient, and CuO which is reported to be more 
compatible than NiO. For cathode materials, Ferrites, such as La0.7Sr0.3FeO3-δ, seem to be 
both physically and chemically compatible with La2Mo2O9-based electrolytes [69]. 
Considering the reducibility of La2Mo2O9, research focus has been drawn to the 
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compatibility between various electrode materials and tungsten-substituted La2Mo2O9 
materials which are more stable in reducing atmospheres [69, 71]. Moreover, a protective 
layer deposited between the electrolyte and electrodes can play a positive role in avoiding 
the alkaline elements and molybdenum diffusion [72].  
 
2.3.4 Effects of Synthesis and Processing on Properties 
2.3.4.1 Powder Synthesis  
Synthesis is one of the most important factors when a material starts to be introduced to 
applications. The morphology of the prepared powder and the microstructure of the 
sintered pellets, which are greatly dependent on the preparation conditions, have 
significant effects on the material properties.  
In most of the studies, La2Mo2O9 and its derived materials were synthesized by 
conventional solid state (SS) reaction of a stoichiometric mixture of La2O3 and MoO3 fired 
at 500˚C, then at around 850~900˚C. However this method is not suitable to prepare dense 
samples of La2Mo2O9, as shown in previous work (80~90% relative density) [11]. 
Although high relative density samples (> 95%) can be obtained by ball-milling to reduce 
the grain size of the starting materials, impurities of zirconia could be introduced during 
the ball-milling [12]. High energy ball milling has been applied to synthesize lanthanum 
molybdate compounds directly from the mixture of the starting materials, but the choice of 
the vial and milling balls should be dealt with carefully to avoid introduction of impurities 
[73].  
Synthesis via precursors is often preferred to prepare more homogeneous powders with 
small particle sizes. Untrafine powders provide higher relative density, lower sintering 
temperature and better electrical properties of the sintered bodies, compared with the 
powder obtained by the conventional solid state method [74].  Kuang et al and other 
research groups [75, 76] have reported synthesis of ultrafine La2Mo2O9 with the particle 
size below 100 nm by the sol-gel method and stated that the gel preparation conditions 
such as molar ratio of citric acid to metallic ions and so on, have a significant influence on 
the morphology of the prepared powder. A modified Pechini route was also suggested to 
prepare fine powder at low temperature [59, 77, 78]. Tarancón et al [79] reported a 
polyacrylamide gel-assisted synthesis which is a time-saving method compared to the 
Pechini route because the gel formation at low temperature is rapid. Marrero-López and 
co-workers [52] have applied the freeze-dried method to obtain more homogeneous 
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powders with controlled stoichiometry. It is reported that highly dense pellets could be 
obtained from the freeze-dried precursors at a relatively low sintering temperature, with a 
grain size distribution in the range of 1~5 µm. Another synthesis method is the citrate-
nitrate auto-ignition method [80]. The pellets made of the calcined powder were found to 
be very dense with an average grain size of 5~15 µm. However, the results in this 
publication showed the densification of the pellets changed significantly in a small 
sintering temperature range, which will influence the reproducibility of the pellets. A 
single-step polymerizable aspartic acid combustion was also reported as an alternative 
route for the synthesis of lanthanum molybdate powder at a relatively low crystallization 
temperature [81].  
Another study [82] focused on particle size effects on formation and stability of β-
La2Mo2O9 at room temperature. The powder of nano-sized particles was obtained by a wet 
chemistry method and was shown to have a cubic symmetry at room temperature by 
electron diffraction, which means the stabilization of crystallographic phases is influenced 
by the particle size. Therefore, the authors held the conclusion that the obtained powder 
possibly consisted of a mixture of α- and metastable β-La2Mo2O9. However, more work 
needs to be done to validate this conclusion.   
 
2.3.4.2 Sintering and Microstructure 
It is well known that the synthesis methods influence the particle size of the powder and 
thus the microstructure of the pellets and electrical properties. Pellets of high relative 
density can be obtained at a relatively low sintering temperature due to the enhanced 
sinterability of the ultrafine powder. The microstructure of the pellet plays an important 
role in the electrical characterization.  
Studies [53] have shown that the bulk conductivity is not affected by the synthesis routes 
while the grain boundary contribution is considerably affected by the sintering of the 
pellets and tends to be significant for samples sintered at low temperatures, for which the 
reason could be the poor connectivity between grains. In samples with a better 
microstructure, the blocking effects of grain boundaries are minimized [14].  
Yang et al [83] have applied spark plasma sintering (SPS) to prepare dense La2Mo2O9 
pellets using the ultrafine powder synthesized by a sol-gel method. The sintering time was 
reduced to less than approximately 30 minutes and a relative density of higher than 98% 
was reached with holding time of only 5 minutes. An interesting microstructure was 
observed at 900˚C, exhibiting parallelly aligned rod-grains oriented 90˚ to the pressing 
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direction on the sample during the sintering. The electrical conductivity measured parallel 
to the rod-type grains was revealed to be higher than that measured vertical to the grains. 
The explanation for this phenomenon was that the grain alignment was helpful for oxygen 
transport between grains by reducing the grain boundary resistance along the direction 
parallel to the rod-type grains.  
A cost-effective multi-step low temperature sintering method has been employed to 
fabricate dense La2Mo2O9 pellets with average grain sizes as small as 500 nm [84, 85]. It 
was found the samples prepared by this method exhibited much higher ionic conductivity 
than those obtained by the conventional solid state sintering. The conductivity 
enhancement was attributed to the use of nanocrystalline powders of high purity produced 
by Pechini synthesis combined with a novel low-temperature sintering route which 
provides smaller grain sizes and fewer continuous blocking layers at grain boundaries.  
In conclusion, the powder synthesis and processing has a considerable influence on the 
microstructure which affects the La2Mo2O9 electrical properties. Extensive attention should 
be drawn to the grain boundary contribution which seems to be significantly affected by 
the synthesis and processing.  
 
2.4 The LAMOX family 
Substitutions on La or Mo sites are proven to be effective in suppressing the phase 
transition and optimizing the properties of La2Mo2O9. The derived compounds are named 
as the LAMOX family. To date, more than 50 research papers have been published and 
various substitutions have been attempted: on the lanthanum site (La2-xAx)Mo2O9 with A = 
rare earth, transition metal, alkaline metal, etc [11, 65, 77, 78, 86-102]; on the 
molybdenum site La2(Mo2-xBx)O9 with B = transition metal, etc [13, 44, 50, 56, 103-110]; 
on both La and Mo sites [58, 110-114]; and on the oxygen site with F [115]. A brief 
discussion of these substitutions is given below. 
  
2.4.1 Substitution on La sites 
Studies of materials with lanthanum substitution, La2-xLnxMo2O9 (Ln = Ce, Y, Nd, Sm, 
Eu, Gd, Yb, Dy and Er), have demonstrated that most of the substitutions suppress the 
phase transition when the doping content is in a certain range except for Nd3+ substitution 
[11, 86]. For Nd3+ doped materials, the cell parameters decrease with the increase of Nd3+ 
substitution, which is in good agreement with the ionic radii (1.163 Å for Nd3+, compared 
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with 1.216 Å for La3+, both of them with a coordination number equal to 9) [11]. The Nd3+ 
substitution only partially stabilizes the monoclinic distortion at room temperature due to 
the similar ionic radius of Nd3+ to La3+. The high temperature conductivity is improved 
slightly with Nd3+ substitution. In the case of Gd3+ substitution, it is clear that the phase 
transition is suppressed by the substitution, indicated by the increase in conductivity below 
580˚C, with the maximum in the cases of x = 0.2 and x = 0.3. However, it still suffers from 
the large thermal expansion coefficient which is close to that of the parent material. As to 
the La2-xYxMo2O9 series, despite the small substitutional range, the effect of substitution is 
comparable to that of Gd3+, with a general increase of conductivity above 400˚C [11]. Er3+ 
and Dy3+ substitutions [90] are considered as valuable dopants in improving the La2Mo2O9 
properties in terms of phase transition suppression, high conductivities, and low thermal 
expansion coefficients. The most attractive aspect is that the compositions with 10 mol% 
Er3+ and Dy3+ exhibit high conductivities around 0.26 S·cm-1 at 700˚C which is about five 
times that of La2Mo2O9. In addition to the lower thermal expansion coefficients, Er3+ and 
Dy3+ are the most effective rare earth substitutions.  
Moreover, there are some other studies which focus on alkaline-doping. Ca2+, Sr2+, and 
Ba2+ are aliovalent ions and the substitution on La sites can lead to extrinsic oxygen 
vacancies. The solubility limits increase from 4 mol% for Ca2+, 5 mol% for Sr2+,  to 10 
mol% for Ba2+ [77]. The cell parameters increase with the dopant content in agreement 
with the large ion radii of  Sr2+ and Ba2+ but decrease with the dopant content of Ca2+ 
because its ion radius is smaller than La3+. The conductivities of alkaline substituted 
compounds decrease as the dopant content increases. Some contradictions have been found 
[87, 91] about the optimum values for Ba2+ and Ca2+ substitutions, which could be a result 
of different microstructures due to sample processing. Studies [78] also observed the 
successful suppression of the phase transition by K+ and Rb+ substitution. However, 
although substitution with monovalent cations gives rise to extra oxygen vacancies, the 
effect of increasing conductivity by extrinsic vacancies is not significant. Moreover, K+ 
and Rb+ have larger ion sizes than La3+, which helps to stabilize the beta phase at room 
temperature while on the contrary has a negative effect on oxygen diffusion, leading to a 
decrease of electrical conductivity [96]. These alkaline metal substitutions do not improve 
the thermal behaviour of the parent material but seem to improve the stability in a reduced 
atmosphere to some extent.  
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2.4.2 Substitution on Mo sites 
    The main drawback of La2Mo2O9 is the reducibility of molybdenum and oxygen loss at 
high temperature in reducing atmospheres. It is well known that tungsten substitution is 
beneficial in improving the resistance of La2Mo2O9 to the reducibility of molybdenum. The 
solubility of W in La2Mo2O9 is up to 80%, and a phase of α-La2W2O9 appears at higher W 
contents [105, 116]. The W doping can have a strong influence on the synthesis and 
sintering behaviour of the LAMOX compounds, leading to a higher sintering temperature 
with the increase of W content in order to obtain the same density as the undoped material. 
The redox-stability results show that the substitution of tungsten helps to avoid oxygen loss 
and decomposition under reduced conditions [56, 106]. Electronic conductivity is found to 
decrease as well with increasing W content attributed to reduced oxygen loss in the W 
doped materials. The total conductivity is decreased by the tungsten substitution because of 
the decrease of the unit cell volume [117]. The cell parameter changes upon substitution of 
tungsten are nonlinear with increasing W content, with a decrease at 50% substitution after 
a slight increase at the beginning.  As discussed in the literature [44], this is due to tungsten 
becoming predominant in the structure above 50% W doping, imposing a change in the 
hexavalent cation ligand structure towards lower coordination.   
    In addition to tungsten doping, it has been accepted that Nb5+ substitution on Mo sites 
can improve the conductivity although it does not seem to suppress the phase transition. 
La2Mo1.94Nb0.06O9 is reported to exhibit a conductivity of 0.113 S·cm-1 at 800˚C which 
almost doubles that of the parent material [108]. Al3+ substitution on Mo sites has been 
reported recently to have a better effect in enhancing the stabilization of La2Mo2O9 in 
reducing atmosphere than tungsten [110]. Besides, other substitutions on Mo sites have 
been investigated, revealing V5+ doping can suppress the phase transition whilst improving 
the conductivity [109]. 
 
2.4.3 Substitution on O sites 
The comparable radii of both F- ( ≈ 1.29 Å) and O2- radius ( ≈ 1.35 Å) suggests that it is 
possible to substitute oxygen ions with fluorine in crystal lattice [115]. However, when two 
fluorine ions substitute one oxygen ion, one fluorine ion will occupy the vacancy site, thus 
leading to the decrease of vacancy concentration in the structure. Substitution of fluorine 
causes the crystal structure to distort to various extents, revealing the presence of different 
superstructures. The substituted materials also undergo a phase transition as in the parent 
material, but the phase transition temperature is lowered by more than 40˚C. Therefore it is 
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possible to improve the anionic conductivity by decreasing the transition temperature of 
the first-order phase transition. It is still not clear yet whether the fluorine ions participate 
in ionic conduction but it is obvious that they play a role in modifying the crystallographic 
and transport properties of the La2Mo2O9-0.5xFx system.  
 
2.4.4 Double Substitution  
Substitutions in the LAMOX family have drawn much attention in the past few years 
and some of the derived materials have been proven to have much better performance than 
the parent material. Taking consideration of the advantages and disadvantages of the 
substitutions on La or Mo sites, double substitutions offer the opportunity to improve the 
stability of La2Mo2O9 under reducible conditions whilst suppressing the phase transition. 
In doubly substituted system, the beneficial substitution of tungsten compensates the 
negative effect of rare earth substitution on reducibility [58]. The high temperature phase is 
stabilized and the conductivity at high temperature is close or even higher than that of the 
parent compound.  
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Fig 2.7 The overall electrical conductivity of double substituted LAMOX materials in air (LMO1 – 
La2Mo2O9 synthesized by the solid state route; LMO2 – La2Mo2O9 synthesized by the freeze-dried 
precursor route)[10, 56, 110-114] 
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Fig 2.7 compares the overall electrical conductivities of a few common doubly 
substituted LAMOX materials obtained by AC impedance spectroscopy in air. Although 
the synthesis route, sample density, and microstructure have certain effects on the electrical 
properties, as shown in the figure by the electrical conductivities of La2Mo2O9 prepared by 
two different synthesis routes, it seems that Dy and alkaline earth substitutions combined 
with W or Cr substitutions on Mo sites exhibit better conductivities and also suppress the 
phase transition when compared with the parent material. As mentioned earlier, Dy doping 
on La sites can lead to an improvement of the conductivity. With the tungsten substitution, 
the abnormal grain growth caused by Dy doping is compromised by W doping. Even 
though the high temperature conductivity decreases generally with the increase of W 
content, the doped compound still exhibits high ionic conductivity up to  0.18 S·cm-1 at 
800˚C, more than double the parent material [112]. 
 
Table 2.2  p(O2) independent conductivity limits of LAMOX materials at different temperatures 
Composition T (˚C) p(O2) (Pa) Technique Ref. 
La2Mo2O9 800 10-12 Hebb-Wagner [64] 
 1000 10-9   
 800 10-17 Hebb-Wagner [61] 
 900 101 Permeation [59] 
 650 10-23 AC impedance [78] 
La2Mo0.5W1.5O9 750 10-19 Hebb-Wagner [56] 
La2Mo1.7W0.3O9 700 10-8-10-9 EMF, FE [62, 65] 
La1.9Y0.1MoWO9 700 10-17 AC impedance [106] 
La1.7Gd0.3Mo0.8W1.2O9 700 10-19 AC impedance [13] 
 
Table 2.2 and Table 2.3 list the stability limits in a reducing atmosphere and thermal 
expansion coefficients of some LAMOX materials respectively. As well as the electrical 
properties, some of the results are not consistent and it is difficult to interpret because 
different synthesis routes and different techniques applied in different studies affect the 
performance of the material. Generally, the tungsten substitution obviously improves the 
stability of LAMOX materials in a reducing atmosphere and also reduces the thermal 
expansion coefficients (TEC) as well. Er substituted materials show the lowest TEC but the 
alkaline substitutions have a negative influence on TEC. Even though it is unlikely to 
obtain a clear rule for the effects of substitutions, the previous studies provide guidance for 
the development of this materials family in future research.  
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Table 2.3 Thermal expansion coefficients (TEC) of some LAMOX materials (SS – solid state route) 
Composition T (˚C) TEC  
(×10-6 ˚C-1) by 
Dilatometry 
TEC  
(×10-6 ˚C-1) by 
Diffraction 
Synthesis  Ref. 
La2Mo2O9 RT~580  15.7 SS [67] 
 580~1000  20.1   
 RT~550 14.1 13.5 Freeze-dried [52, 56] 
 620~800 18.0 16.8   
 400 22.8  SS [114] 
 700 24.9    
La1.95Sr0.05Mo2O9-δ 400 24.1  SS [114] 
 700 25.4    
 RT~400 15.3 14.9 Freeze-dried [93] 
 500~900 18.7 20.5   
La1.7Bi0.3Mo2O9 100~350 14.8  SS [65] 
 350~800 16.4    
La1.95Ca0.05Mo2O9-δ RT~450 15.4 15.3 Freeze-dried [93] 
 500~800 19.3 21.7   
La1.8Er0.2Mo2O9 RT~800 10.6  SS [90] 
La1.8Gd0.2Mo2O9 50~555 15.8  SS [90] 
 555~800 19.0    
La2Mo1.5W0.5O9 RT~450 13.1 15.2 Freeze-dried [56] 
 550~800 19.4 19.9   
La2Mo0.5W1.5O9 RT~500 13.3 13.9 Freeze-dried [56] 
 550~800 19.7 21.0   
La2Mo1.95V0.05O9 70~400 14.8  SS [65] 
 400~800 22.5    
La2Mo1.9Cr0.1O9-δ 400 20.6  SS [114] 
 700 21.6    
La1.95Sr0.05Mo1.9Cr0.1O9-δ 400 22.4  SS [114] 
 700 23.5    
La1.9Sr0.1Mo0.5W1.5O9-δ RT~450 14.4 14.5 Freeze-dried [93] 
 500~800 20.2 19.3   
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2.5 Current and Future Research Topics 
2.5.1 Oxygen Transport 
For fast oxide ion conductors, it is crucial to study the diffusion mechanism of oxide 
ions in the materials in order to understand the anion conduction better. From the structural 
studies, the mechanism of conduction in La2Mo2O9 has been suggested as the participation 
of oxygen atoms O2 and O3 in the conduction path. Because O1 sites are fully occupied, 
O1 is supposed to be the less mobile oxide ion [46]. Meanwhile, sites O2 and O3 are only 
partially occupied, leading to smaller O2-O3 and O3-O3 distances than the commonly 
admitted smallest O-O distance (about 2.5 Å) [43, 45]. Therefore, some oxygen atoms are 
very close to available oxygen sites, thus forming a conduction path in the structure.  
 
 
Fig 2.8 Crystal structure of β-La2Mo2O9 with LaO6 octahedra and MoO4 tetrahedra shown.[118] 
(large black spheres – O3; small black spheres – O1; large white spheres – Mo; small white 
spheres – O2) 
     
Fang et al have investigated the oxygen ion diffusion mechanism in LAMOX by the 
dielectric relaxation method and internal friction studies [49, 101, 102, 104, 118, 119]. The 
studies have suggested three jumps between the nearest neighbours: O1↔O2, O2↔O3, 
O1↔O3, as indicated by dashed lines in Fig 2.8 [118]. The migration path between O2 and 
O3 is the shortest compared to the migration paths between O1 and O2 and between O1 
and O3, as indicated in the figure. Therefore, the transport between O2 and O3 has the 
lowest energy barrier. The molecular dynamics simulations by the same group have 
suggested the possible oxygen migration paths in the local structure, as shown in Fig 2.9. 
The O2↔O3 migration in the same molybdenum polyhedron hardly contributes to the 
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conductivity although both of the sites are highly active, as shown in Fig 2.9 (a). The 
migration of one O2 ion moving to an unoccupied neighbouring O3 site in another 
molybdenum polyhedron has a low energy barrier (0.5 eV) as well, contributing to the 
ionic conductivity, as shown in Fig 2.9 (b). Another three-ion migration is also suggested 
to be responsible for the high conductivity of β-La2Mo2O9. Although O1 sites are fully 
occupied in the structure, the ions on these sites are as mobile as those on O2 and O3 sites 
[120]. The migration path is considered as: O3↔O1, O1↔O2, O2↔O3, with relatively 
higher activation energy, 1.24 eV. Both of the oxygen migrations contribute to the oxygen 
long distance migration in the structure. It is also stressed that only one oxygen ion plays a 
leading role in each migration path, with assistance of another one or two oxygen ions. 
Hence, the two migration paths can also be considered as: migration of O2 ions assisted by 
O3 ions with a low energy barrier and short migration distance; migration of O3 ions 
assisted by O1 and O2 ions with a high energy barrier and long migration length. First 
principle studies were also carried out on a series of doped LAMOX materials [121], 
finding that tungsten doping caused an obvious increase in the energy barriers for oxygen 
transport and the difference between the energy barriers for the two paths decreased. These 
studies have shed light on understanding the oxygen diffusion mechanism in LAMOX 
materials.  
 
O3 ions
O2 ions
O1 ions
Mo ions
Unoccupied O3 ions
Unoccupied O2 sties 
(a) 
(b)
(c)
 
Fig 2.9 Schematic graph of predicted oxygen transport in the local structure of β-La2Mo2O9 [120] 
 
    The ionic conductivity is an important property to indicate the anion conduction in the 
materials, but not enough sometimes to estimate the properties of the electrolyte materials 
since the microstructure of different materials may vary greatly due to different synthesis 
and processing procedures. On the other hand, oxygen diffusion coefficient represents 
directly the oxygen transport in a material. Oxygen isotope exchange and Secondary Ion 
Mass Spectrometry (SIMS) have been employed to obtain oxygen diffusion profiles and 
thus calculate the oxygen diffusion coefficient in many ceramic materials [122, 123]. 
However, in the LAMOX family, little has been done in this aspect and only one paper has 
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been published on oxide ion diffusion [15]. Through the Nernst equation and the 
conductivity curves, it has been deduced that the number of charge carriers in the 
lanthanum molybdate compounds is about 5 per cell, which is related to the available 
oxygen vacancies located in La2Mo2O9. What is interesting is that the diffusion profile 
appears to have a long tail as the exchange temperature increases, which indicates that 
there might be a secondary component affecting the data. Besides, there is a change in the 
slope of the Arrhenius plot of the diffusion coefficient and the surface exchange coefficient 
at the phase transition temperature, maybe caused by the resulting difference in magnitude 
of the diffusion coefficients for these phases.  
The tailing behaviour was also found in the diffusion profiles of the substituted materials, 
for example, La1.7Gd0.3Mo0.8W1.2O9, La1.7Gd0.3Mo2O9 and La1.4Nd0.6Mo2O9. Compared 
with the oxygen diffusion coefficients of the parent compound, the values of the Gd and 
Gd/W substituted materials do not exhibit a significant change on transition from the α to 
the β phase, while the Nd substituent exhibits an abrupt increase of almost two orders of 
magnitude at the phase transition. This appearance is considered to result from the fact that 
the Nd substitution does not stabilise the cubic β form at room temperature while the Gd 
and Gd/W substitutions can effectively stabilise the phase during the whole temperature 
range. 
To date, the oxygen surface exchange and diffusion processes in LAMOX have not been 
well understood. Of key interest is the determination of the fundamental transport 
properties of the LAMOX family using the isotope exchange and SIMS technique. 
Information about oxygen diffusion is highly important in understanding the nature of 
oxygen transport and in investigating the relationship between diffusion and microstructure.  
 
2.5.2 Metastability and Demixing/Recombination 
In ionic conductors which have a high concentration of point defects, external strain 
applied on the materials could have a considerable influence on the defect equilibrium 
[124]. Moreover, other factors such as thermal history, and chemical composition could 
affect the balance in the anion/vacancy and cation/cation distributions, leading to some 
peculiar behaviour.  
In the LAMOX family, a demixing/recombination phenomenon was firstly evidenced in 
4 mol% Ca substituted material [95]. The demixing was observed when the temperature 
was above 640˚C, indicated by the formation of a CaMoO4 impurity. However, when the 
compound was heated further at 1150˚C, the structure changed back to a pure β phase by 
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the recombination of the impurity with the lanthanum molybdate. It suggests that the 
thermal range for obtaining a pure LAMOX phase is reduced. This phenomenon has been 
extended to alkaline-earth substituted LAMOX materials, with La1.88K0.12Mo0.6W1.4O8.88 
showing the most spectacular behaviour, decomposing completely then presenting full 
recombination at a higher temperature [125, 126].  
The complexity of the oxide-ion order in La2Mo2O9 makes it possible for the phase to 
exist at room temperature in the form of stable α phase, a metastable β phase, or a mixture 
of the two, depending on the synthesis temperature, the cooling rate, substitutions, and 
sample shaping/sintering [127]. It has been reported that the metastable beta phase can be 
“frozen in” at room temperature by quenching La2Mo2O9 after synthesis. The crystal 
structure  of the metastable phase can be described by the cubic unit cell, with a lower 
symmetry for La and Mo atoms [128].  
The freezing of the metastable phase at room temperature can also be achieved through 
substitution. Corbel and co-workers [94] have reported the effects of Eu3+ substitution on 
the crystalline structure of La2-xEuxMo2O9, as a function of the europium content. At high 
contents when x ≥ 0.25, the compositions remain β phase; at low contents (x ≤ 0.1), the 
substitutions do not suppress the α-β phase transition; in the intermediate range of Eu 
content (x = 0.15, 0.2), α and β phases coexist at room temperature. It is considered to be a 
result of effects of partial substitutions on the equilibrium of point defects in an ionic 
conductor. A similar phenomenon was also observed in Nd3+ doped and alkaline-earth 
doped LAMOX materials [88, 125]. It is also stressed that a slow cooling rate (1~2 ˚C/min) 
favours the growth of the thermodynamically stable α phase, and the cooling rate of 
5˚C/min acts most probably as a quenching effect leading to a metastable β phase.  
With the existence of the metastable phase at room temperature, the phase change can be 
described by a ((α + β)/β) – α – β phase transition during heating. For the systems with 
demixing/recombination phenomenon, the phase transition upon heating is more 
complicated: metastable β – metastable α – metastable β – demixing – recombination to 
form stable β – decomposition [125]. On the other hand, the internal strain induced by 
sample shaping can suppress the phase transition in these materials and stabilize the β 
phase in the whole thermal range. The higher the proportion of metastable β phase within 
the powder before sintering, the larger the amount of stable β phase within the obtained 
dense samples [88, 95].  
Studies on thermal stability and the induced metastability phenomenon in LAMOX 
materials are essential not only for a better understanding of the electrical behaviours of 
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this family of materials but also for optimizing their properties by appropriate sample 
shaping and thermal treatment.  
 
2.5.3 Cation Diffusion 
In order to develop LAMOX materials and apply them in devices such as SOFCs and 
electrolysers, it is essential to gain a full understanding of the mass transport in the 
structure. Apart from the aforementioned anion diffusion, studies on cation diffusion can 
provide valuable guidance for defining the chemical compatibility of LAMOX materials 
with potential electrodes. Although the chemical reactivity between LAMOX and the 
electrode material can be obtained by diffraction studies [68, 69], the cation diffusion 
coefficient provides the cation migration kinetics and quantifies the chemical reaction 
between the two materials.   
Similar to the case of research on anion diffusion, little work has been carried out 
concerning the cation diffusion in LAMOX. The previous studies on the compatibility 
between LAMOX and electrodes have reported the diffusion of alkaline cations such as 
strontium and calcium into lanthanum molybdenum oxide or the migration of molybdenum 
leading to reactions with the electrode [69]. The alkaline cation diffusion has also been 
observed in other electrode or electrolyte materials [129, 130]. Therefore, preliminary 
studies on alkaline cation diffusion will be beneficial in identifying promising areas for 
future research.  
Since the cation diffusion is normally a few orders of magnitude slower than the anion 
diffusion, the diffusion generally occurs in the vicinity of the material surface from less 
than 100 nm up to a few microns depending on the materials and the annealing time. 
Hence, the SIMS technique which is noted for its high sensitivity, extended dynamic 
concentration range, and the ability to perform isotope analysis is preferably employed to 
investigate the cation diffusion [131]. Another advantage of applying SIMS is that the 
grain boundary diffusion can be easily identified from elemental mapping or depth profiles, 
which is crucial in cation diffusion studies because the grain boundary diffusion is much 
faster than the bulk diffusion [132, 133].   
 
2.5.4 Proton Conduction 
La2Mo2O9 has been studied extensively as a fast oxide ion conductor, and in order to 
improve the ionic conductivity, substitutions have been introduced to stabilize the high-
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temperature phase. However, some LAMOX materials have been recently revealed to 
exhibit proton conductivity at temperatures between  200~550˚C, when the crystal 
structure is characterized as an alpha phase after a heat treatment involving partial 
reduction in humidified hydrogen [134]. Although the high-temperature phase becomes 
decomposed and amorphous under highly reducing environments, the alpha phase is stable 
in the presence of hydrogen. The preferable heat treatment atmosphere is composed of at 
least 4% hydrogen and/or at least 3% H2O vapour. To be able to provide a feasible degree 
of proton conduction, a LAMOX composite is suggested to contain at least 30% alpha 
phase. The materials are no longer proton conductors after the structure transforms to the 
beta phase.  
The as-prepared LAMOX materials are normally pale-yellow in colour. The colour turns 
to black during the heat treatment in reducing atmosphere but changes back to pale-yellow 
in an oxidizing environment. No structural transformation has been observed and therefore 
the colour change is suggested to be due to a change in oxygen vacancy concentration in 
the structure.  
There have not been many studies to date on the proton conduction in LAMOX 
materials. However, the protonic conductivity properties at low temperatures should be 
valued and the potential applications of these proton conductors such as electrolytes for 
fuel cells, electrolyzer materials, membranes for hydrogen separation and sensors for 
detection of hydrogen gas concentration should be explored in the future.  
  
2.6 Diffusion Theories 
2.6.1 Theory of Diffusion 
The diffusion of atoms is an important phenomenon in ceramics, resulting in 
densification of the compact during sintering, grain growth, and formation of solid 
solutions. The electrical conductivity is also a result of the motion of ions in ceramics, as 
well as electrons. For ionic conductors, the diffusion of ions in the structure determines the 
ionic conductivity and it is dependent on defects in the structure and their concentrations. 
The term “diffusion coefficient” denoted as D is usually used to describe the diffusion of 
atoms in a material.  
Diffusion occurs when there is a chemical or electrical potential gradient. It can be 
described phenomenologically by the equations governing diffusion processes which are 
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also known as Fick’s laws [135]. Firstly, if the diffusion only occurs in one dimension, 
Fick’s first law is generally introduced:  
dx
dCDJ x −=                                                             (2.2) 
where Jx is the flux of particles (number per unit area per unit time) and C is the 
concentration in x dimension. It can be generalised to three dimensions: 
                CDJ ∇−=                                                             (2.3) 
in which ∇ is used to express the vector operation on the right-hand side of Eq (2.3).  
If the concentration changes with time, a second differential equation is introduced in 
order to obtain a convenient form to use, which is called Fick’s second law: 
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                                              (2.4) 
By solving Fick’s diffusion laws according to particular boundary conditions of a diffusion 
experiment, the concentration distribution as a function of time for a particular species can 
be obtained. Therefore, the diffusion coefficient, D, can be deduced, as a characterization 
of the diffusion of a particular atomic species in the structure.  
 
2.6.2 Diffusion Mechanism 
There are several basic atomic mechanisms which lead to movement of atoms in solids. 
The most prominent diffusion mechanisms in crystals are vacancy diffusion mechanism 
and interstitial diffusion [136].  
 
Matrix atom
Interstitial atom
 
Fig 2.10 Schematic graph of interstitial diffusion mechanism 
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Interstitial diffusion occurs when an interstitial atom is small enough to move between 
the atoms in the lattice by jumping from one interstitial site to one of its neighbouring sites, 
as shown in Fig 2.10. This type of diffusion requires no defects in the structure. Therefore, 
the diffusion coefficient for atoms diffusing by this mechanism is likely to be high because 
the migrating atom does not need to require the formation of a defect.  
    Vacancy diffusion is the dominant atomic migration mechanism in solids. It occurs 
primarily when the diffusing atoms which are of a similar size to matrix atoms, or 
substitutional atoms migrate in the crystal lattice by jumping into a neighbouring vacancy, 
as shown in Fig 2.11.  
 
Matrix atom Tracer atom Vacancy
 
Fig 2.11 Schematic representation of a vacancy diffusion mechanism 
 
2.6.3 Atomistic Diffusion  
Random-walk diffusion is the process of an atom jumping from its site to any nearby 
site with equal probability [21]. If we define the jump frequency of the diffusing atom as Γ 
(jumps per second) and the migration distance between two sites as λ, the diffusion 
coefficient is given by: 
Γ= 2γλD                                                       (2.5) 
in which γ is a geometric factor which is determined by the number of neighbouring sites 
in the lattice structure. The geometric factor and the jump distance in Eq (2.5) do not 
change dramatically between different crystal structures. Therefore, the large variability of 
diffusion coefficients is largely dependent on the jump frequency which is affected by 
many factors such as the availability of neighbouring sites, the energy for migration, and 
temperature and so on.  
The availability of jump sites, which is related to lattice defect concentration, is one of 
the two prerequisites for atomic diffusion. The second condition for diffusion to occur is 
that the atom must have sufficient energy to break bonds with its neighbours and migrate 
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to the next site, which is the activation energy for diffusion, as shown in Fig 2.12. The 
energy barrier is dependent on the nearby atoms which need to move to let the diffusing 
atom migrate. This is more easily achieved at high temperatures when the atoms vibrate 
strongly. Hence, the atom diffusion is a thermally activated phenomenon, and thus can be 
expressed as: 
)exp(
RT
EDD ao −=                                                       (2.6) 
where Do is a constant and Ea is the activation energy.  
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Fig 2.12 A schematic demonstrating thermally activated diffusion and the energy barrier during 
migration 
  
2.6.4 Types of Diffusion Coefficients 
Several terminologies are introduced to specify different diffusion coefficients. For 
example, Dv and Di are used to describe the diffusion of vacancies and interstitials 
respectively. In this section, the diffusion of lattice ions in solids is mainly introduced. 
Self-diffusion coefficient, Dself, is used to describe the diffusivities of lattice ions which are 
greatly dependent on the defect concentrations. It characterizes the migration of the host 
lattice ions [21]. If the diffusion occurs by a vacancy mechanism, the self-diffusion 
coefficient is related to the vacancy diffusivity by the vacancy concentration [V]. 
vself DVD ][=                                                           (2.7)           
Similarly, if the diffusion occurs by an interstitial mechanism, Dself is given by the 
diffusivity of the interstitial and the interstitial concentration.  
iiself DMD ][=                                                        (2.8) 
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It is difficult to measure self-diffusion coefficients, so most commonly, tracer elements 
labelled by their radioactivity or isotopic mass are employed in the diffusion measurement. 
Because the tracer elements are chemically identical to the lattice ions, the tracer diffusion 
coefficient is close to the self-diffusion coefficient. The tracer diffusion coefficient, D*, can 
be correlated to self-diffusion coefficient by a correlation factor, f: 
selfDfD ⋅=*                                                     (2.9) 
The correlation factor is determined by the local atomic coordination and also the relative 
frequencies with which the tracer and lattice ions exchange with vacancies. 
   
2.6.5 Fast Diffusion Paths 
The diffusion in any real solid is more complex than the lattice ion diffusion by either 
vacancies or interstitials. There are dislocations and grain boundaries in the microstructure 
and the mean jump frequency of an atom is much higher in these regions than that in a 
lattice. The understanding of the fast diffusion phenomenon along these paths provides 
more information of how the atoms move in the structure [135]. In polycrystals, fast 
diffusion along grain boundaries is very common and has been found in many materials 
[137, 138]. It is essential to understand the diffusion regimes in polycrystals, in order to 
know how much lattice diffusion and grain boundary diffusion contribute to the diffusion 
profile and interpret the diffusion result correctly to extract different diffusion coefficients.  
Three diffusion regimes have been suggested to describe different diffusion in 
polycrystals, as illustrated in Fig 2.13. In regime A, the diffusion fields of neighbouring 
grain boundaries overlap each other and an atom may migrate in many grains and grain 
boundaries. The lattice diffusion length, Dt , is a little larger than the spacing between 
grain boundaries, d: 
8.0/dDt ≥                                                   (2.10) 
The diffusion profile obeys Fick’s diffusion law, with an effective diffusion coefficient Deff 
presenting a weighted average of the lattice diffusion coefficient D and grain boundary 
diffusion coefficient Dgb, as expressed in Eq (2.11). 
DggDD gbeff )1( −+=                                         (2.11) 
where g is the fraction of atomic sites in the grain boundaries which is written as (q is a 
numerical factor depending on the grain shape and δ is the grain boundary width) 
d
qg δ=                                                        (2.12)  
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Fig 2.13 Illustration of three different types of diffusion regimes in a polycrystal [139] 
 
In regime C, there is almost no lattice diffusion. Diffusion only occurs along grain 
boundaries. The condition for this regime is: 
δsDt ≤                                                           (2.13) 
where s is the segregation factor of the diffuser. Grain boundary diffusion studies are 
difficult in this regime because of the small amount of tracer diffused along grain 
boundaries.  
The conditions for regime B are  
dDts ≤≤δ                                                 (2.14) 
In this regime, grain boundary diffusion is faster than lattice diffusion. The lattice diffusion 
fields of the neighbouring grain boundaries do not overlap therefore the grain boundary 
diffusion is isolated. The macroscopic diffusion profile appears as a two-step shape with a 
lattice diffusion profile followed by an elongated tail which is assigned to grain boundary 
diffusion. In the tail region, the penetration profile becomes a straight line when plotted as 
log(c) versus z6/5 (c is the tracer concentration, z is the diffusion length in the profile). 
Regime B is the most common fast diffusion phenomenon in polycrystals. The solution of 
grain boundary diffusion will be discussed in detail in the next Chapter. 
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2.7 Summary 
In this chapter, recent materials research and development of several common fast 
oxide-ion conductors are briefly reviewed. A new approach to discover novel ionic 
conductors, Lone Pair Substitution (LPS), is introduced. La2Mo2O9, a new material 
designed based on the LPS principle, is considered as a competitive fast oxide-ion 
conductor for the use of solid electrolyte. The ionic conductivity of La2Mo2O9 at high 
temperature (> 600˚C) is reported to be higher than those of the commercialized 
electrolytes such as YSZ. Although the phase transition at about 580˚C from a cubic 
structure at high temperature to a monoclinic superstructure at low temperature leads to 
conductivity degradation, the substitutions on La sites and Mo sites are reported to stabilize 
the highly conductive phase at room temperature effectively.  
Oxygen diffusion mechanism is significant in order to understand anion conduction 
better in oxide-ion conductors. There have been a few attempts to investigate the oxygen 
transport path in LAMOX but more studies are required in this aspect. Moreover, 
metastability and demixing/recombination have also attracted attention in the LAMOX 
research. Besides oxygen transport, cation diffusion and proton conduction in LAMOX are 
also considered to become new research topics in the near future.  
Diffusion theories are reviewed briefly at the end of the chapter, which includes the 
basic diffusion mechanisms in solid oxides, different types of diffusion coefficients and 
also fast diffusion paths which is very common in polycrystalline ceramics. 
Chapter 3 Methodology: La2Mo2O9 Ceramics Synthesis, Processing and Characterization 
 
 - 41 - 
 
 
 
 
 
 
 
 
 Methodology: 
  La2Mo2O9 Ceramics Synthesis, Processing and Characterization 
      
Chapter 
Chapter 3 Methodology: La2Mo2O9 Ceramics Synthesis, Processing and Characterization 
 
 - 42 - 
Chapter 3   
Methodology:  
La2Mo2O9 Ceramic Synthesis, Processing and Characterization 
 
3.1  Introduction 
   Advanced ceramics are materials tailored to possess exceptional properties by controlling 
the composition and microstructure [140]. The properties of the designed new materials are 
determined by the composition, the prepared powder and the microstructure of the final 
product. Their relevant relationships are demonstrated briefly in Fig 3.1. In the synthesis 
process, factors such as purity, particle size and so on play an important role in the 
microstructure of the finished ceramic product which affects the properties of the material. 
On the other hand, the properties can also suggest a better way to optimize the synthesis 
and processing stages by applying different characterization techniques.  
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Fig 3.1 Relevant relationships in materials fabrication and characterization 
 
    In this chapter, the synthesis and processing of La2Mo2O9 is introduced in section 3.2, 
followed by descriptions of the compositional and structural characterization techniques. 
Then, the techniques employed to characterize the electrical properties and, more 
importantly, the mass transport properties of La2Mo2O9 are explained in detail, including 
AC impedance spectroscopy, oxygen isotope exchange and secondary ion mass 
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3.2  Synthesis and Processing of La2Mo2O9 materials 
The first stage of developing a new material is its fabrication because the properties of 
the materials are basically dependent on the composition as well as the microstructure such 
as grain size and porosity. The fabrication process involves five steps which are: 1) the 
specification and purchase of raw materials; 2) the preparation of powder; 3) forming the 
powder into a certain shape; 4) densification by calcination and sintering; 5) finishing 
[141].  Among those five steps, the first two are included in synthesis and the other three 
are included in post-forming processes of the prepared powder.  
 
3.2.1 Synthesis of La2Mo2O9 
To date, a variety of ceramic synthesis routes have been developed. They can be 
categorized into three groups which are solid phase synthesis such as solid state synthesis, 
liquid phase synthesis such as sol-gel, Pechini, and precipitation, and vapour phase 
synthesis for example chemical/physical vapour deposition [142]. Each synthesis method 
has its advantages and disadvantages which should be considered carefully before 
choosing the appropriate one for preparing a new material.  
So far, in most of the LAMOX studies, the conventional solid state method has been 
used to prepare the powder due to its simplicity. However, this method has been 
challenged by several solution phase synthesis routes because of their lower synthesis 
temperature and uniform final product. It is well known that different synthesis methods 
give rise to different particle size ranges and that the particle size plays a significant part in 
determining the grain size of dense ceramics. Furthermore the microstructure of ceramics 
can significantly influence the electrical properties of the material. Therefore, in our 
experiments, we adopted two different synthesis methods to prepare LAMOX powder, and 
then studied the effects of synthesis method on the electrochemical performance of the 
material. The two methods are discussed below.  
The starting materials of the solid state (SS) method are La2O3 (99.99%, Aldrich) and 
MoO3 (99.5%, Aldrich). Before weighing, lanthanum oxide was preheated at 1000˚C for 6 
hrs to remove the adsorbed water and carbon dioxide and then kept in a desiccator. The 
stoichiometric starting materials were ball-milled with acetone (the weight ratio of the 
mixture to the zirconia balls is about 1 to 5) for 12 hrs.  After being dried to remove the 
solvent, the mixture was then heated to 500˚C for 12 hrs and then to 900˚C for 24 hrs with 
the heating and cooling rate of 5 ˚C/min. Finally, the obtained product was ground with a 
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mortar and pestle to give fine powder for the shaping stage. The flow chart of the Solid 
State method is presented in Fig 3.2. 
 
 
Fig 3.2 The flow chart of the Solid State Method to prepare LAMOX materials 
     
The other synthesis method used in this work was a liquid phase synthesis route, the 
modified Pechini method [59], as shown in Fig 3.3. Firstly, the lanthanum and 
molybdenum solutions were made by using La(NO3)3·3H2O (99.99%, Aldrich) and 
(NH4)6Mo7O24·4H2O (99.0%, BDH AnalaR Chemicals), with the La3+ and Mo6+ molar 
concentrations both of 0.25 mol/L. Then, the solutions were mixed together in a beaker 
with citric acid (the molar ratio of total cations to citric acid is 1:1). After the mixture was 
stirred for 1h, ethylene glycol (EG) was added (the molar ratio of citric acid to EG was 2:1). 
The beaker was then placed in a water bath at 80˚C. As the water evaporated, the solution 
colour changed to light yellow. The liquid became thicker and turned into a gel. The 
obtained porous precursor was put in a drying oven at 120˚C for 24 hrs to make sure all the 
water had evaporated. The dried precursor was sintered at 550˚C for 6 hrs and then at 
750˚C for 12 hrs at a heating/cooling rate of 5 ˚C/min. At the end, the powder was ground 
to obtain a fine product. However, due to the large amount of agglomerates in the powder 
caused by a limited amount of sintering between particles, another decomposition scheme 
was suggested based on a thermal decomposition analysis of the precursor which will be 
discussed in the following chapter. Fine powder of pure phase La2Mo2O9 was able to be 
obtained by decomposing the dried precursor at 550˚C for 6 hrs.   
 
La2O3 raw material preheated at 1000 ºC 
La2O3 MoO3 
ball mill stoichiometric starting materials 
500 ºC for 12 hrs & 900 ºC for 24 hrs 
Mixture dried 
Properly stored 
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La(NO3)3·3H2O (NH4)6Mo7O24·4H2O
citric acid
reacting solution
Water bath at 80 ˚C
ethylene glycol
forming gel
Dry at 120 ˚C
precursor
550 ºC for 6hrs & 750 ºC for 12hrs
fine powder
550 ºC for 6hrs nano-scale powder
Stirring continuously
 
Fig 3.3 The flow chart of the Pechini method to prepare La2Mo2O9 powder 
 
3.2.2 Pellet Processing  
Consolidation of the powder is achieved by shape-forming processes. The common 
shape-forming technique includes moulding, pressing, casting, printing etc. In our studies, 
only uniaxial pressing and cold isostatic pressing were employed to prepare pellet-shape 
samples for the following measurements.  
Uniaxial pressing is a shape-forming process to compact powder into a rigid die by 
applying pressure along a single axis through upper and lower punches. It is a very easy 
and simple shape forming technique to prepare samples with a uniform section in the 
pressing direction, such as pellets and bars. However, the main problem with this technique 
is that it is difficult to obtain a uniform green density due to the random distribution of 
powder in the die and the difference in the friction between the powder and the die wall 
and the friction between particles. Therefore, to achieve a dense green sample, firstly, the 
particle size of the initial powder should be uniform, which can be obtained by ball-milling 
followed by sieving; secondly, the surface of the die and punches must be polished to 
reduce the friction. For the sample that can not cohere well under pressure, a binder should 
be added to improve the coherence, but the amount should be controlled carefully to 
minimize contamination.  
In this work, the prepared powder was ball-milled for 12 hrs before the uniaxial pressing. 
Pellet dies of different diameters (6 mm and 13 mm) were used to prepare samples for 
different measurements. The pressure was roughly controlled at 3~5 MPa.  
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Cold isostatic pressing is a technique which applies equal pressure in all directions to the 
sample via a non-compressible fluid in a pressure vessel so that the non uniformity of the 
sample preparation can be minimized. The powder is normally filled into a rubber mould 
which will be loaded in the vessel. During the powder compaction, the pressurized liquid 
transits the pressure to the surface of the rubber mould, as illustrated in Fig 3.4. This 
technique is preferable for samples with complex geometries and because the applied 
pressure is normally much higher than the uniaxial pressing, the green density is much 
improved.   
 
High pressure cylinder
Bottom cover
Top cover
Rubber die
Powder
Pressurized liquid
 
Fig 3.4 A schematic graph of the principle of cold iso-static pressing 
 
In our work, cold isostatic pressing is combined with uniaxial pressing to prepare green 
pellets. A high pressure of 300 MPa was applied to improve the green density in cold 
isostatic pressing (STANSTED Fluid Power Ltd.). 
 
3.2.3 Pellet Densification 
Densification is a crucial step in ceramic processing which will determine the ceramic 
microstructure. Sintering is normally applied to prepare dense ceramic samples. The 
sintering process can be influenced by the following three categories of different factors 
[143]: 1) powder properties such as particle size, size distribution, particle morphology and 
so on; 2) pressed compact which includes green density, pore distribution, and pore size 
distribution etc; 3) sintering which involves temperature, temperature gradient, gas 
atmosphere and pressure.  The sintering process can be broadly divided into three stages. 
During the first stage, particles do not lose their individuality and there will be a slight 
thermal expansion. Shrinkage will start at the second stage when particles tend to adhere 
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together which will lead to densification. At the final stage, grains will grow slightly but 
the densification will be finished, showing a flat shrinkage curve [144].  
Solid state sintering is a common sintering method to consolidate ceramics by heating 
the compact samples at a high temperature for a certain period. However, high temperature 
sintering has several advantages, like excessive grain growth because of the high 
temperature and long dwelling time. Pressure-assisted sintering and chemical additives 
may be required for some materials to aid the sintering.  
 
 
Fig 3.5 Schematic diagram for different sintering stages (adapted from the reference [145]), R – 
particle radius, r – pore radius, ρrep – the density of random close packing of spheres of an 
identical size, (r/R)critical is the boundary below which the pores in the sample become subcritical 
and shrink with grain boundary diffusion. 
 
In solid state sintering, in order to obtain a dense sample, long dwelling time is normally 
applied. However, a dense sample is normally accompanied by rapid grain growth which 
happens at high temperature. It is found to be difficult to prepare dense materials with sub-
micron grain size even if the starting powder is nano-scale. A simple two/three-step low 
temperature sintering has been suggested by Chen et al [146] to avoid the final-stage rapid 
grain growth in conventional solid state sintering. It is also a cost-effective preparation 
method compared to the high-pressure sintering such as spark plasma sintering (SPS) [147]. 
The sample is first heated to a high temperature to achieve an intermediate density, then 
cooled down to, and held at, a lower temperature until it is fully dense. This method is to 
consolidate the sample after the density has reached a sufficiently high value when the 
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particle network has been “frozen” (Region III in Fig 3.5) [145, 148]. Fig 3.5 shows 
different stages of sintering. In region I, the density of the sample approaches to 40% 
through homogenization and stochastic particle relocation. In region II, the density is 
approaching to 63% by particle repacking and coarsening by surface diffusion. In the final 
region, the densification is controlled through grain boundary diffusion or lattice diffusion. 
The sintering kinetics are too slow for the grain boundary migration but still high enough 
to keep the grain boundary diffusion active. Hence, the pores can still be filled providing 
the sample is held at the low temperature for a long time because the sintering in the frozen 
microstructure is dramatically slow. 
Densities of the sintered pellets were measured using Archimedes Principle, as shown in 
Eq (3.1), in which m1 is the mass of the dry specimen; m2 is the apparent mass of the 
immersed specimen; m3 is the mass of the soaked specimen and ρl is the density of the 
immersion liquid. Relative density is the ratio of the measured density to the theoretical 
density of the material. Open porosity can be deduced by Eq (3.2). Closed porosity can be 
calculated by deducting open porosity from the total porosity.  
1
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3.3 Compositional, Crystal Structure and Microstructure Characterization 
3.3.1 Composition Analysis (ICP)  
    ICP-AES (Inductively Coupled Plasma-Atomic Emission Spectrometry) is an emission 
spectrophotometric technique, which is commonly used to analyze the composition and/or 
stoichiometry of a sample.  The fundamental characteristic of this process is that each 
element emits energy at specific wavelengths peculiar to its chemical character as it returns 
to the ground state from the excited state. Therefore, although each element emits energy at 
multiple wavelengths, in the ICP-AES technique it is most common to select a single 
wavelength (or a very few) for a given element. The intensity of the energy emitted at the 
chosen wavelength is proportional to the amount (concentration) of that element in the 
analyzed sample. Thus, the principle of ICP is to quantify the elemental composition of the 
given sample relative to a reference standard by exploiting the energy emitted by electrons 
and determining which wavelengths are emitted by a sample and their intensities. 
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By this technique, most of the dissolved samples can be analyzed. The plasma source is 
used to dissociate the sample molecules into constituent atoms or ions, exciting them to a 
higher energy level. The spectrometer is used to record the light at different wavelengths. 
[149]  
 
atoms
 
Fig 3.6 A schematic of an ICP-AES (adapted from [150]) 
 
    The equipment used in this study was a Varian Vista-Pro Axial Inductively Coupled 
Plasma-Atomic Emission Spectrometer which is based in the Natural History Museum, 
London. 
 
3.3.2 Crystal Structure (XRD, HT-XRD, Neutron)  
3.3.2.1 X-ray diffraction  
X-ray diffraction (XRD) is a conventional compositional analysis technique based on 
diffraction of collimated X-rays by certain crystallographic lattices. It uses the property of 
crystal lattices to diffract monochromatic X-ray light. This involves the occurrence of 
interferences of the waves scattered at the successive planes, which are described by 
Bragg's equation 
n λ = 2d sinθ                                                             (3.3)                                  
where n is an interger, λ is the wavelength of the radiation, d is the spacing of the crystal 
lattice planes, and θ is the angle the incident beam makes with the lattice planes.  
    X-ray diffraction includes various techniques such as single-crystal X-ray diffraction, 
and powder diffraction. The most common technique is X-ray powder diffraction, which is 
used to characterize the crystallographic structure or preferred orientation of solid samples. 
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By comparing the diffraction data with a standard database, powder diffraction can be used 
to identify unknown substances. Combined with other techniques, such as Rietveld 
refinement [151] or Le Bail fitting [152], more information about the crystal structure can 
be obtained.  
The equipment used in our studies was a Philips PW1700 series automated powder 
diffractometer using Cu K-alpha radiation at 40 kV/40 mA with a secondary graphite 
crystal monochromator.  
 
3.3.2.2 Neutron Diffraction  
Although a laboratory X-ray diffractometer is convenient to be used to define the 
composition or check impurities in the sample, it has disadvantages such as limited 
resolution, peak shifts due to surface effects or sample misalignment, and maybe problems 
with α1α2 doublets in the peak shape. To study a more complex crystal structure, neutron 
diffraction is normally employed. The neutron diffraction pattern is preferable for 
refinement of light atoms, hydrogen bonding or systems with nonstoichiometry, and 
magnetic structures.  
The instrument used for neutron diffraction in this work is the POLARIS diffractometer 
at the ISIS facility, Rutherford Appleton Laboratory, UK. The strengths of this Time-of-
Flight (TOF) neutron diffractometer include rapid characterization of structures, rapid 
collection of data, allowance of complex sample environment, in-situ studies of structural 
changes and so on. TOF neutron diffraction is different from constant wavelength neutron 
diffraction. The incident beam is a white neutron beam with a broad band of neutron 
wavelengths. The detectors are positioned at fixed scattering angles and each detector 
yields a full neutron diffraction pattern by recording the counts as a function of the time 
delay from the start of a neutron burst at the source [153]. Generally, all patterns can be 
used for analysis, or a specific pattern can be collected by a particular detector which 
dictates a certain range of d spacings.  
The design of the diffractometer is shown in Fig 3.7, highlighting the different detector 
bank. Data are collected in all detector banks simultaneously, but in this work only data 
from the backscattering detectors was used (130~160˚, 2θ), because for bulky samples and 
samples with irregular shapes, it is easier to collect diffraction patterns with sharp peaks 
using these detectors [154].  
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Fig 3.7 Schematic design of diffractometers on POLARIS [155]. 
 
The aim of adopting neutron diffraction in this project is to study the in-situ structure 
changes with in-situ impedance measurement by AC impedance spectroscopy which is 
introduced in detail in section 3.5. The impedance measurement rig, designed and built at 
ISIS, was mounted vertically in the furnace which was put in the sample tank. The sample 
was a pellet of around 5 mm thick and was held at each temperature for 2 hrs for thermal 
equilibration, during which period neutron diffraction collection was conducted and 
several impedance spectra were collected to investigate the change of conductivity.   
 
3.3.3 Morphology (particle size analysis)  
    To measure the size of particles, we commonly use the equivalent spherical diameter,  D. 
There are different values which can be used to display the particle size in different aspects, 
as displayed by the following [156].  
D[1,0] = 
n
Σd
 (a number mean, more accurately a number length mean)                  (3.4) 
D[2,0] = 
n
Σd 2
 (number-surface mean)                                          (3.5) 
D[3,0] = 
n
Σd 3
 (number-volume or number-weight mean, or Volume Mean Diameter (VMD))                    
                                                                                                                                               (3.6)         
    D[4,3] is normally preferred which is the sphere of equivalent volume to our particle, 
and the sphere of equivalent surface area is the D[3,2].  
D[4,3] = 3
4
Σd
Σd
                                                            (3.7) 
D[3,2] = 2
3
Σd
Σd
                                                            (3.8) 
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Different techniques can give different means. For example, D[1,0] can be obtained on 
an electron microscope by averaging the diameters of many grains. The technique we used 
is laser diffraction (Low Angle Laser Light Scattering) which is becoming the preferred 
standard for particle size analysis. The principle of this technique is that the diffraction 
angle is inversely proportional to particle size. The equipment used in this work was a 
MALVERN particle analyzer. In the instrument, the dry powder was dispersed in 
deionised water and particles in the suspension were measured by re-circulating the sample 
in front of the laser beam of fixed wavelength. A suitable detector should be used in 
different particle size ranges.  
By this technique, we can obtain: 
1. Mean – this is an arithmetic average of the data. Specifically, the data for D[4,3] – 
equivalent volume mean diameter and D[3,2] – equivalent surface area mean diameter.  
2. Median – the value of the particle size which divides the population exactly into two 
equal halves.  
   D[ν,0.5] – the volume median diameter sometimes shown as D50 or D0.5 
   3. Mode – the most common value of the frequency distribution i.e. the highest point of 
the frequency curve. 
 
3.3.4 Microstructure (SEM)  
The scanning electron microscope (SEM) is a type of electron microscope capable of 
producing high-resolution images of a sample surface. A beam of electrons is produced at 
the top of the microscope by an electron gun.  The electron beam follows a vertical path 
through the microscope, which is held within a vacuum.  The beam travels through 
electromagnetic fields and lenses, which focus the beam down toward the sample. Once 
the beam hits the surface of the sample, the interaction of the primary electron beam with 
the specimen produces a variety of effects such as secondary electron emission, back-
scattered electrons, X-ray production, etc., as illustrated in Fig 3.8 [157]. The built-in 
detectors collect these X-rays, backscattered electrons, and secondary electrons and 
convert them into a signal that is sent to a monitor screen.   
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Fig 3.8 Schematic representation of the energies produced from a scanning electron beam incident 
on a solid sample in SEM 
 
Secondary electrons account for the majority of the total electrons released from the 
sample surface. Their energies usually fall in the range below 10~50 eV, therefore the 
electrons are readily deflected by a low bias voltage and are easily collected with high 
efficiency. Furthermore, the low energies of the electrons restrict their paths in the sample, 
so the secondary electrons are normally generated within a few nano-meters of the surface. 
Hence the surface topography can be reflected by the secondary electron images. When the 
incident electron beam interacts with the nucleus of atoms in the sample, the scattered 
electrons are called back scattered electrons. Because the fraction of the scattered electrons 
depends on the atomic number, a back scattered electron image provides information about 
phase distribution by showing contrast between different phases. When the incident 
electron energy is high enough to ionize the atoms, transitions of electrons in the atom 
shell from higher energy states into lower unoccupied energy states in the atoms give rise 
to the emission of characteristic X-rays. The X-ray spectrum generated therefore can be 
used to identify the chemical composition of the sample. There are also other signals 
except for the ones we have discussed above, including Auger electrons which are mainly 
for surface characterization because of their excellent sensitivity to changes in the chemical 
concentration of low atomic number constituents, and cathodoluminescence.  
There are three SEM instruments which were used in this work. One is JEOL JSM-840A 
SEM with an EDX (Energy Dispersive X-rays) detector; another is JSM-5610LV scanning 
electron microscope which was used to obtain high-quality images, the other one is LEO 
Gemini 1525 FEG-SEM (Field Emission Gun Scanning Electron Microscope) which is 
powerful for the imaging and analysis of nano-scale materials. It is fitted with Oxford 
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Instruments INCA energy dispersive X-ray spectrometer and also an electron backscatter 
diffraction (EBSD) detector.  
 
3.4 Thermal Analysis 
Thermal analysis comprises a group of techniques in which a physical property of a 
substance is measured as a function of temperature, while the substance is subjected to a 
controlled temperature programme. By measuring and analyzing the physical and chemical 
changes, we can obtain thermodynamic data during heating and then deduce the possible 
reactions in the process [158].  
 
3.4.1 Dilatometry  
    Dilatometry measures the thermal expansion of a sample when it is heated. The basic 
data generated are in the form of curves of dimension against time or temperature. The 
coefficient of linear expansion is the ratio of the change in length every centigrade degree 
to the initial length. The coefficient of volume expansion for solids is approximately three 
times the corresponding linear coefficient. This technique is normally used to measure the 
thermal expansion coefficient or to study the sintering process of ceramic materials. 
The equipment used in this work was a NETZSCH DIL 402 E with the heating rate of 
10 ˚C/min in flowing air.   
 
3.4.2 TG-DTA(DSC)  
    TG – Thermogravimetric analysis (TGA or TG) technique monitors changes in the 
weight of a sample on heating. It can be conducted in variable atmospheres with different 
heating rates. By this technique, the moisture content and presence of volatile components 
of a sample, or the released gases during the decomposition process can be determined.  
 
DSC – Differential Scanning Calorimetry (DSC) is a thermal analysis technique for 
measuring the energy necessary to establish a nearly zero temperature difference between 
the sample and an inert reference material, as the two are subjected to identical temperature 
regimes. There are two common types of DSC, power-compensation DSC and heat-flux 
DSC. In power-compensation DSC, the temperatures of the sample and the reference 
material are made identical by varying the power input to the two containers which are 
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heated independently, as shown in Fig 3.9. The energy required is correlated to the 
enthalpy change, ∆H, in the sample which can be calculated from the area under the peak 
(the shadowed area in the graph) by Eq (3.9) in which m is the mass of the sample and k is 
a constant. 
 
Sample temperature
mW/mg
baseline
Exo
Endo
Individual heaters
thermocouples
sample reference
 
Fig 3.9 A schematic graph of a power-compensation DSC instrument with a typical DSC curve 
(adapted from [159]) 
 
The basic principle underlying the heat-flux DSC technique (Fig 3.10) is that, when the 
sample undergoes a physical transformation such as phase transitions, there will be a 
temperature difference between the sample and the reference thus a heat flux between the 
two, giving rise to an exothermic or endothermic peak. Such measurements provide 
qualitative and quantitative information about physical and chemical changes of a sample 
at elevated temperature.  
    
k
HmA ∆⋅=                                                               (3.9)          
 
Furnace
thermocouples
sample reference
heat flux
 
Fig 3.10 A schematic graph of a heat-flux DSC instrument 
 
DTA – Differential thermal analysis (DTA) has much in common with DSC. The 
temperature difference between the sample and the reference is measured when both of 
A heat-flow path with low resistance 
(Pt, for example)
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them are subjected to identical heat treatments. This technique provides similar 
information as DSC. A schematic graph is shown in Fig 3.11. When the sample is 
experiencing an exothermic reaction, the temperature of the sample will be higher than that 
of the reference, leading to a positive voltage difference. From a DTA curve, we can figure 
out the decomposition or transition temperatures and thus whether it is exothermic or 
endothermic. The area under a DTA peak can be interpreted as the enthalpy change in the 
test sample on heating. However, the constant k in Eq (3.9) comprises two factors 
including a measured shape factor and the thermal conductivity of the sample which varies 
with temperature. Therefore, DTA is mainly used as a finger print for identification 
purposes or to detect the reactions or phase transitions during the temperature change.  
 
Furnace
V V
thermocouples
sample reference
 
Fig 3.11  A schematic graph of differential thermal analysis 
 
The equipment applied in this work for TG-DSC measurements was a NETZSCH STA 
449 C, with the heating rate being 10 ˚C/min. 
 
3.5 Electrical Properties Analysis 
3.5.1 AC Impedance Spectroscopy  
The interpretation of ionic conductivity data from ceramic materials used to be 
conducted by DC (direct current) measurement. However, most electrical systems consist 
of a range of processes that contribute to the measured conductivity which can not be 
resolved by a two or four probe DC measurement. Therefore, an alternative technique is 
required to separate the individual contributions. AC (alternating current) impedance 
spectroscopy provides a means of separating different components by determining the 
impedance of a sample over a large range of frequencies which is normally from 1 mHz up 
to 13 MHz.  
Chapter 3 Methodology: La2Mo2O9 Ceramics Synthesis, Processing and Characterization 
 
 - 57 - 
A small AC voltage of angular frequency ω and amplitude Vo is applied to the sample.  
ti
oeVV
ω
=                                                       (3.10) 
The current is: 
)( φω +
=
ti
oeII                                                   (3.11) 
Then the complex impedance is expressed as: 
)(/ φieZIVZ −==                                           (3.12) 
where oo IVZ /= . Z can be defined as: 
"' iZZZ −=                                                     (3.13) 
where the real impedance φcos' ZZ = , and the imaginary impedance φsin" ZZ = .                                                                                   
If the imaginary part Z” is plotted against Z’, we can get a Nyquist plot. Fig 3.12 is a 
typical Nyquist plot. The interpretation of the Nyquist plot was firstly introduced by 
Bauerle [160], in which every semicircle in the plot is associated with a resistance and a 
capacitance (a so-called RC element) and is assigned to an individual contribution. The 
characteristic relaxation time or time constant, τ, of each RC element is given by: 
                                                                RC=τ                                                               (3.14) 
The resistance is obtained from the intercepts on the Z’ axis; the capacitances are 
calculated from Eq (3.15) with ω0 being the angular frequency at the maximum amplitude 
of the semicircle. The characteristic frequency, fmax, is also correlated to the maximum in 
the semicircle, shown in Eq (3.16). 
10 =RCω                                                             (3.15)          
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Fig 3.12 A Nyquist plot with impedance vector showing the correspondent RC element 
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    However, the experimental spectra obtained from real samples using AC impedance 
spectroscopy are more complicated. Only in a system where the product of the highest 
angular frequency ωmax and the time constant τ, ωmax· τ >> 1, is the full curve in Fig 3.12 
observed. When ωmax· τ << 1, little of the curve can be obtained. For example, in electro-
ceramics, at low temperature, the bulk resistance is relatively large, so that τ is increased 
and the bulk can be brought within the range of measurement. When the bulk resistance of 
the material is small, a depressed bulk semicircle whose centre lies below the real axis is 
observed. The bulk semicircle will disappear eventually when the temperature is increased 
[161].  
 
3.5.2 Interpretation of the Impedance Spectra  
The typical Nyquist plot shown in Fig 3.12 is only based on an ideal electrochemical 
system. In fact, most systems are more complicated and there are several factors which 
have effects on the impedance spectra other than RC elements. So the data is generally 
analyzed in terms of an equivalent circuit model, to try to find a model whose impedance 
matches the measured data. A non-linear least squares fitting (NLLS) algorithm is 
normally used.  
The equivalent circuit elements include electrolyte resistance, double layer capacitance, 
polarisation resistance, charge transfer resistance, the Warburg-impedance, constant phase 
element (CPE) and so on. Polarisation resistance is often found in cell models where there 
are polarization phenomena on electrodes; charge transfer resistance should be considered 
in a system where there are electrochemical reactions; Warburg-impedance is the 
impedance created during diffusion which tends to appear at low frequencies when the 
reactants have to diffuse further. On a Nyquist plot, the Warburg-impedance normally 
appears as a line with a slope of 45˚.  
Electrolyte resistance, double layer capacitance and CPE are the most common elements 
in equivalent circuit models for electro-ceramics. In a ceramic material impedance 
spectrum, a double layer capacitor often behaves like a CPE instead of as a capacitor [162] 
which is usually distinguished in the spectrum by a depressed semicircle. The depression 
originates from the fact that the distribution in the current density leads to a continuous or 
discrete time constant. The depression angle is related to the width of the time constant 
distribution. The impedance of a CPE is defined by Eq (3.17), where T is a constant 
independent of frequency and p is a dimensionless parameter with a value between zero 
and one.  
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pCPE jTZ )(
1
ω
=                                                        (3.17)  
When p = 1, the CPE is the same as a capacitor, with T being the capacitance C. When p < 
1, the CPE resembles a capacitor but the phase angle is not 90˚. The spectrum appears as a 
depressed semicircle, as shown in Fig 3.13. The true capacitance can be calculated from Eq 
(3.18). 
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Fig 3.13 a Nyquist plot of an electrical component with a CPE element 
 
The reason for the depression is not clear yet, but it has been suggested to be attributed to 
both the non-uniformity of electric field at the interface owing to the roughness of 
electrode surface and the variety of relaxation times with adsorbed species on the electrode 
surface [163].  
    However, there is not a unique equivalent circuit that describes the spectrum. An 
equivalent circuit which produces a good fit to a spectrum does not definitely represent an 
accurate physical model of the cell. Therefore, careful consideration is needed to choose an 
appropriate equivalent circuit. 
 
3.5.3 Application of AC Impedance Spectroscopy  
For most ceramic systems, the characteristic frequencies are well separated so that the 
three semicircles associated with bulk, grain boundary and electrode can be distinguished 
easily. The capacitance of the bulk, Cb, is usually of the order of 10-12 F, which arises from 
the normal dielectric response of the material. The grain boundary capacitance, Cgb, is 
caused by the polarization at the interfaces between the grains and normally has a value on 
the order of 10-9 F. The electrode capacitance, Ce, at the last semicircle is typically of the 
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order of 10-6 F [164]. Irvine et al [165] also summarized the possible interpretations based 
on magnitudes of the capacitances (Table 3.1).  
 
Table 3.1 Capacitance values and their possible interpretation [165]  
Capacitance (F) Phenomenon Responsible 
10-12 bulk 
10-11 minor, second phase 
10-11~10-8 grain boundary 
10-10~10-9 bulk ferroelectric 
10-9~10-7 surface layers 
10-7~10-5 sample-electrode interface 
10-4 electrochemical reactions 
 
   The application of equivalent circuit is demonstrated as below in Fig 3.14. The 
experimental spectrum is a typical impedance spectrum of an electrolyte material. As 
shown in Fig 3.14, two equivalent circuits were employed to analyze the spectrum. Three 
electrical components are obvious, but all of them can not be assigned to ideal RC 
elements, shown as the fitting profile based on equivalent circuit (a). The experimental 
impedance spectrum was fitted well with the equivalent circuit (b) in which three CPE 
elements were included.  
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Fig 3.14 Comparison of the fitting of a typical experimental impedance spectrum using the two 
different equivalent circuits 
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Besides measuring the values of the component resistances and capacitances, the spectra 
can be analyzed in detail to give more information about the sample or the conduction 
mechanisms. For example, in an idealized ceramic as illustrated in Fig 3.15, the 
capacitance of the grain boundary can indicate if the intergranular region is narrow, which 
then indicates if the sample is well-sintered. The higher Cgb is, the better the ceramic is 
sintered. The interface component may also provide information on the charge transfer 
process across the interface, and is important in measuring electrochemical cells such as 
fuel cells in which the interface between the electrolyte and the electrode has a significant 
effect on the electrical performance.  
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Fig 3.15 Schematic diagram of the brick layer model of a grain boundary ceramic 
 
3.6 Isotope Exchange and Diffusion 
    Isotope exchange and diffusion, especially 16O/18O isotope exchange, appears to be a 
very useful tool to probe ion transport in materials [122]. Through this technique, it is 
possible to acquire information about surface exchange kinetics, diffusion in the bulk, and 
any fast grain boundary diffusion paths. A correlation between diffusion coefficient and 
electrical conductivity can be built upon the calculation of mobile ions in the material.  
This technique consists of four stages each of which should be dealt with caution, in 
order to obtain reliable results: 1) sample preparation; 2) isotope exchange; 3) diffusion 
profile determination using secondary ion mass spectrometry (SIMS); 4) extracting surface 
exchange coefficient and diffusion coefficients from the obtained diffusion profile. In this 
section, these four stages and the involved techniques will be introduced in detail.  
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3.6.1 Sample preparation  
Sample preparation for the isotope exchange and diffusion technique is rather important 
in order to obtain high-quality diffusion profiles. Firstly, the sample geometry is crucial. 
Thick pellets are preferred to avoid the influence of diffusion from the other dimensions 
when the diffusion from only one dimension is investigated. The sintered pellet is polished 
using diamond suspensions of different grades to a finish of 0.25 µm to obtain a shiny flat 
surface, to reduce the effects of a rough surface on the diffusion profile and the diffusion 
measurement which will be discussed in the following section. However, the polishing 
process could introduce some damage to the surface as well. Therefore, the polished 
sample is pre-annealed to remove the damage introduced during the polishing [122]. The 
pre-annealing is also essential to equilibrate the sample to make sure there is no 
concentration of oxygen gradient from the surface, with the aim of eliminating possible 
mass incorporation or diffusion under the chemical driving force in the surface region 
[166]. The pre-annealing time should be long enough to remove most of the surface 
damage and achieve a chemically stable surface. Generally speaking, the pre-annealing 
time is proposed to be at least ten times of the isotope exchange time [166].  
 
3.6.2 Isotope Exchange & Incorporation 
3.6.2.1  18O2 Exchange  
To monitor oxygen transport in ceramic materials, 18O is normally used as an oxygen 
tracer to reflect oxygen diffusion. The isotope exchange in 18O2 gas is also named as dry 
exchange in this work, to be distinguished from the isotope exchange with H218O water 
vapour (wet exchange). The polished sample was pre-annealed in research grade oxygen 
with the purity of 99.9996% (BOC Industrial Gases, UK) for a duration of ten times that of 
the isotope exchange time. The sample was then annealed in 18O enriched gas (Isotec Inc. 
USA) at the pressure of 200 mbar for a certain time. The exchange temperature was 
recorded by a thermocouple which was about 0.5 cm away from the sample. The sample 
was quenched to room temperature by rolling off the furnace after the experiment, in order 
to avoid diffusion happening during the heating and cooling. After exchange, 18O2 gas was 
cryogenically recovered to the molecular sieves. The apparatus is shown schematically in 
Fig 3.16.  
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Fig 3.16  Schematic illustration of oxygen isotope exchange apparatus with 16O2 and 18O2  
 
    The mechanism of surface exchange is suggested to follow the listed steps [167]: 
adOgO →)(2
1
2  (adsorption/dissociation of oxygen molecules)             (3.19) 
•+→ hOO adad 2"  (charge transfer)                                        (3.20) 
×•• →+ OOad OVO "  (incorporation)                                          (3.21) 
The surface reaction is governed by the interaction of gaseous oxygen molecules, oxygen 
vacancies, and electron holes in the material. Which of the three steps is the rate-
determining step is under discussion. Manning et al [168] reported that in both YSZ and 
CGO, the charge transfer step is rate determining because the activation energy of the 
surface exchange process is half that of the electronic band gap of the material. Different 
activation energies of surface exchange were also observed at low and high temperatures, 
to which a possible explanation was that the surface segregation of the dopant cations has 
some effects on surface exchange process. On the other hand, after comparing the surface 
exchange coefficients of two materials with different electron concentrations, Horita et al 
[169] suggested the surface adsorption/dissociation of oxygen is the rate-determining step. 
The situation may vary in different materials, but one thing is certain, the formation of 
Oad” species is the key step in the exchange process [170].  
 
3.6.2.2 H218O Exchange  
    It has been shown that for some materials, especially pure ionic conductors, the surface 
exchange process could bring difficulties to the isotope exchange and diffusion 
measurement. In this case, a humidified atmosphere therefore has been suggested as a 
better way to carry out the oxygen isotope exchange and diffusion measurement (the so-
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called wet exchange) because the water vapor helps the oxygen dissociation on the surface 
so that the exchange process will be enhanced. The surface exchange reactions are 
considered as follows [171]: 
adOHgOH
18
2
18
2 )( →  (adsorption of water molecules)                       (3.22) 
'16'181618
2 adadOOad OHOHVOOH ++→+
••×
       
(formation of hydroxyl groups bonded to the cations in the lattice)           (3.23) 
×•• +→++ OadadadO OOHOHOHV
1816
2
'16'18
 (incorporation)                    (3.24) 
)(162162 gOHOH ad → (desorption of water molecules)                      (3.25) 
The apparatus for isotope exchange in humidified atmosphere is schematically 
illustrated in Fig 3.17. The pressure of the exchange water vapour was controlled by 
changing the water bath temperature, being estimated from the saturated water vapour 
pressure. In this work, the water bath temperature was set as 37~38˚C, giving a saturation 
vapour pressure of about 65 mbar [172].  The 16O2 gas at a pressure of 200 mbar was used 
as a carrying medium. After being pre-annealed in H216O water vapour, the sample was 
annealed for oxygen exchange in isotopic water vapour by changing to a H218O water 
(Isotec Inc., USA) reservoir. After the exchange, the water bath was replaced by a liquid 
nitrogen container to recover H218O vapour in the exchange tube. The water tube was kept 
only in nitrogen vapour above the liquid level to avoid condensation of the O2 carrying gas.  
In wet exchange, the instrument was kept above 100˚C by being wrapped with heater 
tapes to prevent the condensation of water vapour. Thermocouples were located at several 
positions, as illustrated in Fig 3.17, to monitor the temperature in the system. However, the 
temperature control in wet exchange leads to a difficulty in quenching the sample to room 
temperature after exchange, which means there is a possibility of diffusion during the slow 
cooling, giving rise to an elongated diffusion tail which may be wrongly interpreted as a 
fast grain boundary diffusion [15]. In this experiment, after exchange, the furnace was 
rolled off but the exchange tube was maintained above 100˚C with heater tapes until the 
water vapour was fully recovered. The diffusion at around 100˚C is assumed to be slow 
enough to be negligible.  
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Fig 3.17 Schematic of oxygen isotope exchange instrument with isotopic water vapour 
 
 
3.6.2.3 Exchange/Incorporation with use of D2O  
     La2Mo2O9 has been claimed to be a proton conductor at temperatures below 550˚C 
when the crystalline structure is an alpha phase [134]. With the aim of investigating the 
diffusion of protons or the incorporation of hydroxide species in La2Mo2O9, isotopic 
hydrogen in heavy water was applied. The same instrument as the one for wet exchange 
was employed. The sample was pre-annealed in H2O vapour with O2 as the carrying gas, 
followed by exchange in 65 mbar D2O (C/D/N Isotopes Inc., UK) vapour with 200 mbar 
O2 gas at 450˚C for 15 minutes. Another two samples were annealed in 65 mbar D2O 
vapour with 200 mbar O2 gas at 450˚C and 800˚C respectively for 15 minutes without pre-
annealing.  
 
3.6.3 SIMS Technique and Diffusion Measurement 
3.6.3.1 SIMS principle  
SIMS (secondary ion mass spectrometry) is the mass spectrometry of ionized particles 
which are emitted when a solid surface is bombarded by energetic primary particles. The 
primary ion may be electrons, ions, neutrons, or photons. The emitted particles (so called 
secondary particles) will be electrons, neutral species, atoms, molecules, and so on (shown 
in Fig 3.18). The secondary ions are detected and analysed by a mass spectrometer which 
may be of the magnetic sector, quadrupole, or time-of-flight (TOF) type to provide a 
surface image and enable more detailed chemical analysis [173]. SIMS depth profile is a 
Chapter 3 Methodology: La2Mo2O9 Ceramics Synthesis, Processing and Characterization 
 
 - 66 - 
widely used surface analysis technique because of its extremely high trace-sensitivity and 
its wide dynamic range. 
 
Primary Ion Beam
Mass Spectrometer
Secondary Species
 
Fig 3.18 Schematic diagram of the principle of SIMS 
 
There are two different SIMS applications which give different information about the 
sample – dynamic and static SIMS. They are distinguished by the primary ion dose 
acceptable during analysis. Static SIMS uses a primary beam whose current density is 
maintained at a very low level so that the secondary ions emitted from the surface are not 
influenced by the previous ions. It is significant in surface analysis because the surface 
mass spectrum not only gives the elemental composition but also the chemical structure of 
surfaces according to the emitted cluster ions. For dynamic SIMS, in order to obtain a very 
high yield of secondary ions, a high flux of primary ions is directed to the solid surface. 
The primary beam is rastered over an area typically 0.1~0.5 mm square, eroding a certain 
depth increment per scan and producing a flat-bottomed crater. The primary ions are mass 
filtered to avoid implantation of impurity atoms into the sample and mono-energetic in 
order to avoid chromatic aberrations in the ion optical components. The edges of the 
eroded region are carefully excluded from the analysis by ion optical means or electronic 
gating to ensure that the secondary ions collected originate only from the crater bottom.  A 
profile of concentration as a function of depth is obtained by recording the variation in 
intensity of a restricted number of species as a function of ion dose. 
Based on the different modes of analysis in SIMS, static and dynamic, there are different 
presentations of SIMS data. For static SIMS, the data can be provided as a mass spectrum 
or surface imaging; for dynamic SIMS, the data can be presented as a depth profile, an 
imaging map, or a mass spectrum. A mass spectrum presents the intensities of both atomic 
and molecular secondary species in a range of mass-to-charge (m/e) ratio. An important 
thing when a mass spectrum is collected is that mass interference has to be taken into 
account. Mass interference occurs when there are two or more species which have the 
same nominal mass, such as C2H4+ and CO+. This kind of interference can be solved if the 
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mass resolution of the instrument is high enough to tell the subtle differences in their 
masses. For example, the mass resolution (m/∆m) is required to be higher than 6000 to 
separate 17O clearly from 16O1H [174]. Another method to resolve interference problems is 
to refer to the minor isotopes of one element, but it is not reliable if the isotope ratio is very 
low or even out of reach of the detection limit.  
Depth profiles are normally obtained in a dynamic mode, presenting the intensity of an 
element as a function of depth. As mentioned above, the sample should be well prepared, 
to make sure the bottom of the crater is kept flat during the sputtering. More importantly, 
an electronic gating method has to be applied to ensure the secondary ions being counted 
are only from the centre of the crater, in order to exclude the effects from the side walls of 
the crater. The quality of a depth profile is dependent on the depth resolution which mainly 
relies on the primary beam and the sample preparation.  
Surface imaging provides secondary ion intensities as a function of location on the 
surface. The lateral resolution is a significant parameter in surface imaging and it is mostly 
determined by the primary beam size. Except for the three analysis methods introduced 
above, there are also some other measurements. On TOF-SIMS, surface imaging 
information can be combined with depth profiling to visualise a sample structure in a three-
dimensional representation.  
 
3.6.3.2 SIMS instrumentation  
Primary ion sources can be categorized into two types – plasma sources and liquid metal 
sources. The plasma is formed by ionizing the gas atoms followed with extacting ions into 
the optical column. The several common gas sources are Ar+, N2+, Xe+ and O2+ [173]. 
These beams are usually employed in depth profiling due to the enhancement of surface 
ionization by these primary beams. When a high lateral resolution is required which means 
a fine primary beam is needed, primary ion beams generated from liquid metal sources are 
normally introduced because of their small beam widths, such as Au2+, Au3+, Bi2+ Bi3+. 
However, the small beam size makes it impossible to conduct a depth profile over a large 
area and the possible interactions of these primary ions with the sample might lead to low 
ion yields [175]. 
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Fig 3.19 Schematic diagram of a SIMS instrument with three main modes of analysis [176] 
 
After the primary beam bombards the sample surface, the secondary ions are extracted 
from the surface and transferred to the mass spectrometer, as shown in Fig 3.19. The mass 
spectrometer is one of the essential parts of a SIMS instrument. Three main types of mass 
spectrometer are considered: quadrupole, magnetic and time of flight. The performance 
characteristics of the three mass spectrometers are compared in Table 3.2.  
 
Table 3.2 Mass spectrometer comparison [173] 
Mass 
Spectrometer 
Mass 
Resolution 
m/∆m 
Mass range 
(amu) 
Transmission 
efficiency 
Mass 
detection 
Sensitivity 
(Relative to 
quadrupole) 
Quadrupole 102~103 ≤103 0.01~0.1 Sequential 1 
Magnetic 104 >104 0.1~0.5 Sequential 10 
Time-of-flight >103 103~104 0.5~1.0 Parallel 104 
 
The sample is also a significant part of producing high-quality analysis. The sample 
surface needs to be clean and well-prepared to ensure a flat depth crater for depth profiling. 
During the sputtering in SIMS, if the sample is insulating, there will be a surface charge 
buildup. Sample charging can diffuse the primary beam and divert it from the analytical 
area therefore reducing the yield of secondary ions and affect their transmissions. The most 
common method applied to solve this problem is electron compensation. The sample 
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surface is flooded simultaneously with an electron beam to compensate the surface charge, 
as illustrated in Fig 3.19.  
In this project, the main dynamic SIMS instrument was an Atomika 6500 assembled 
with a nitrogen or argon primary ion beam with 5 KeV incident beam energy (Department 
of Materials, Imperial College London). The detailed testing parameters such as beam size 
and sample current will be provided later on with the experimental results. Another 
dynamic SIMS instrument used was the Atomika 4500 with Ar+ primary ion beam 
(Department of Physics, University of Warwick). The primary beam energy was 2.5 KeV 
with 75 nA current.  
The TOF-SIMS technique was also applied to conduct surface analysis. In TOF-SIMS, 
the secondary ions are transmitted into a mass spectrometer, where they are mass analyzed 
by recording their time-of-flight from the sample surface to the detector.  A surface image 
is generated through the surface sputtering. Moreover, 3-dimensional analysis is also 
available to provide geometrical information of the sample. TOF-SIMS is an advanced 
technique due to its high depth and lateral resolution, high mass resolution, parallel 
detection of all secondary masses, less damage to the sample and high sensitivity [177]. 
There are two ion guns assembled on the TOF-SIMS instrument which are used for 
analysis and sputtering separately. The sputtering gun is used to remove the analyzed layer 
of the sample after the analysis. It normally has low energy and high sputter current and is 
required in depth profiling. The analysis gun is to generate a primary ion beam with high 
energy and low current for surface analysis. The two TOF-SIMS instruments involved in 
this project used a 2 KeV Cs+ sputtering beam with 25 KeV Bi1+/Ga+ analysis beam (ION-
TOF TOF-SIMS, Institute of Physical Chemistry, RWTH Aachen and ION-TOF GmbH, 
Germany).  
 
3.6.3.3 Other Techniques  
A focused ion beam microscope with a mass spectrometer assembled for SIMS analysis 
(FIB-SIMS) was used in this project. The FIB technique has been widely used in the field 
of materials science because of its various capabilities such as milling, preparation of 
Transmission Electron Microscopy (TEM) samples, deposition, and so on [178]. A high-
brightness gallium liquid-metal ion source is used to generate the ion beam, which makes it 
different from the state-of-art SEM technique in imaging a surface. Moreover, because ions 
are large, heavy and slow, it is easier to control the ion beam to remove material locally 
down to nanometer scale [157].  In this research project, FIB was mostly adopted to apply 
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an in-situ sectioning with imaging and surface SIMS analysis. Milling is the most powerful 
capability of FIB and it allows manipulation of the location, the milling pattern, and the 
depth. As the focused ion beam mills the selected area, the section can be imaged by tilting 
the sample stage. Besides, during the milling, the SIMS detector is continually collecting 
information of the ion species being evacuated from the sample. Therefore, depth profiling 
and mass spectra are both feasible on FIB-SIMS. The instrument used was a FEI FIB200-
SIMS, with a Ga+ ion beam with beam spot size to better than 10 nm.  
    In a SIMS depth profile, the sputtering time needs to be converted to sputtering depth, 
which requires the depth of the sputtered crater. White light scanning interferometry was 
applied to measure the depth of the crater and surface topography to ensure the surface 
flatness of samples for SIMS measurements. Interference means when two waves with the 
same frequency add to each other, their amplitudes also add, leading to higher or lower 
amplitude which will be displayed as interference fringes through a microscope. A beam 
splitter was used to separate a light beam into two waves to be interfered. The sample is 
moved to a position where the optical path is about the same as that to the reference, in 
order to enable the coherence of the white light. Then the light sensor will detect the 
change of intensity caused by interference on the sample surface (at each pixel) [179]. A 
three-dimensional map of the surface is generated with information of surface topography.  
The instrument used is a ZYGO NewView 200 white-light microscope-based 
interferometer with a depth resolution of 2 nm, a lateral resolution of 0.3~20 µm and a 
magnification range of between ×1.25 to ×100. 
 
3.6.3.4 Application of SIMS  
    The SIMS technique has been applied in many research fields, not only for surface 
analysis but also for elemental diffusion studies, defining the composition and thickness of 
each layer in a layered structure material, etc.  In oxygen isotope exchange and diffusion 
measurements, by detecting the oxygen isotopic fraction as a function of sputtered depth, 
an oxygen diffusion profile can be obtained by SIMS. The kinetic parameters describing 
the isotope exchange on the surface, k, the surface exchange coefficient, and D*, the tracer 
diffusion coefficient, can be obtained by a non-linear least squares fitting of the depth 
profile data, which will be discussed in the next section. The method is best known for the 
measurement of oxygen self diffusion data in ceramic oxide materials. 
After the isotope exchange, the diffusion profile was determined by the SIMS technique. 
Normally, there are two methods to obtain an oxygen penetration profile depending on the 
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diffusion length. A depth profile can be employed to determine the diffusion profile by 
sputtering a crater from the sample surface with a high energy primary ion beam. 16O and 
18O intensity can be monitored simultaneously during the depth profiling. According to 
previous studies, the practical upper limit of a depth profile is about 10 µm in a dense 
sintered sample (relative density higher than 95%) [180]. When the diffusion profile is 
longer than the length limit of a depth profile, a line scan mode is suggested in which the 
primary ion beam scans along a line path across the sample section surface with oxygen 
isotope intensities being recorded in the same way as in a depth profiling [180]. The 
sample is cut perpendicular to the polished surface, and the section is polished in the same 
way as that for the surface. The sample is mounted with the section upside, perpendicular 
to the primary ion beam. The region of the intended beam path is raster cleaned before the 
line scan to remove the surface adsorbed residual gas molecules and impurities. The 
preparation of the sample for line scanning and the technique is shown schematically in Fig 
3.20. Due to the limit of lateral resolution, the minimum length in a line scan is dependent 
on the primary beam size. Normally, if a line scan measurement is expected, the diffusion 
length estimated from tD∗2  is adjusted to at least 50 µm by changing the exchange 
annealing time [181]. 
 
18O 16O
Isotopic Exchange SIMS Line Scan Diffusion Profile
Sample Sectioned and Polished
Ion Beam
Linescan (<2mm)
Raster Clean (< 2x2 mm2)
18O Intensity
 
Fig 3.20 A schematic graph presenting the line scan technique  
 
On TOF-SIMS, the primary ion beam scans across a small area using the scan pattern 
such as 256×256, as shown in Fig 3.21. A total ion image can be generated through the 
parallel detection of all of the secondary species from which regional spectra can be 
extracted separately. Meantime, the total area mass spectrum presents all the secondary 
ions as a function of mass-to-charge ratio. A distribution map of a certain element can be 
obtained as well.   
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Fig 3.21 Schematic diagram of surface imaging analysis on TOF-SIMS  
 
Surface element mapping was applied on TOF-SIMS to carry out a line scan 
measurement. Image acquisition was conducted on a sputter-cleaned cross section of the 
sample. Then profiles of 16O and 18O have been obtained by summing the intensity as a 
function of distance within the chosen area of the mapping image respectively [174]. Fig 
3.22 demonstrates the acquisition of the depth profiles of oxygen isotopes.  
 
16O
16O
18O
depth
Counts
 
Fig 3.22 Demonstration of carrying out line scan measurement on TOF-SIMS.                          
From left to right: 16O distribution map; 18O distribution map; the depth profiles of 16O and 18O by 
summing the intensities in the chosen areas respectively  
 
3.6.4 Diffusion Modelling & Data Processing  
    After a diffusion profile is obtained from SIMS, the 18O relative fraction is calculated 
directly from the intensities of the secondary ions: 
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where I(18O) and I(16O) are the measured intensities on SIMS respectively. The isotopic 
fraction is normalized to the gas concentration by: 
bgg
bg
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CxC
xC
−
−
=
)()(1                                                   (3.27)                                                                              
In which Cbg is the background isotopic fraction in the material, Cg is the gas concentration.       
The diffusion model applied to oxygen exchange and diffusion experiment is diffusion 
in a semi-infinite medium. The conditions for the diffusion are: 
bgCtxC ==≥ )0,0(                                                (3.28) 
bgCtxC =>∞= )0,(                                                (3.29) 
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According to Fick’s second diffusion law, the diffusion equation is written as: 
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The solution for this diffusion equation is given by Crank [182]. The bulk oxygen diffusion 
coefficient D* and surface exchange coefficient k can be obtained by fitting the profile to 
Crank’s solution to Fick’s second diffusion law: 
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where h is the ratio of k to D*. 
    If fast grain boundary diffusion is present in the material, the diffusion profile is 
normally displayed as a bulk diffusion profile with an elongated tail identified as grain 
boundary diffusion. Le Claire [183] has suggested an equation to extract numerical data 
from the type of diffusion profile.  
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where Agb and Zgb are the grain boundary tailing function parameters. The grain boundary 
diffusion coefficient can be obtained from: 
3/52/1
*
* )(66.0 −= gbgb Zt
DD δ
                                         (3.34) 
    Oxygen diffusion coefficients reflect oxygen transport in the material while the ionic 
conductivity is another important property to indicate oxygen ion movement. The 
correlation between the two can be built upon the Nernst-Einstein relation which relates 
ion diffusivity and mobility [21]:  
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i
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k is boltzman constant; qi is the particle charge; µi is electrical mobility. The conductivity 
can be expressed in terms of charge carrier concentration ci and mobility µi,  
iiii qc µσ =                                                     (3.36) 
Therefore, the correlation between diffusivity and conductivity can be achieved through: 
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The oxygen tracer diffusion coefficient, D*, measured by the isotope exchange and 
diffusion measurement can be converted to self-diffusion coefficient, Dself, by the 
correlation presented in Eq (2.9), D* = f · Dself. The correlation factor, f, for La2Mo2O9 
which has a primitive cubic structure, is 0.653 [135]. Because La2Mo2O9 has been proven 
to be mainly an ionic conductor [64], the electrical conductivity from AC impedance is 
assigned to ionic conductivity. Therefore, the correlation between D* and conductivity in 
La2Mo2O9 is: 
Tkf
qcD ii
i
⋅⋅
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2*
σ                                                (3.38)                                                                                                     
From this relation, the charge carrier concentration in the lattice structure can be estimated 
[15]. 
For mixed conductors, the ionic conductivity is calculated from the oxygen diffusion 
coefficient D*, and then by comparing the ionic conductivity with the total conductivity 
measured from AC impedance spectroscopy, the contribution from oxygen ion transport 
and electronic conductivity can be separated. It is a preferable method to characterize the 
electrical conductivity performance of mixed conductors [184, 185].  
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Chapter 4   
Effects of Microstructure  
on Electrochemical Properties and Oxygen Transport in La2Mo2O9 
 
4.1 Introduction 
Microstructure has a significant effect on the properties of a material. Microstructure-
related studies normally account for a large part of the research for developing and 
improving a novel material. For La2Mo2O9, there have been many studies, as discussed 
before in Chapter 2, focussed on synthesis and microstructure. Marrero-López et al [14, 52, 
53] have demonstrated that different preparation methods could lead to different 
microstructures and electrochemical properties of La2Mo2O9. Moreover, the significant 
difference in grain boundary conductivity has also been noticed. However, to our best 
knowledge, there have been few studies conducted to investigate the grain boundary and its 
effects on the electrochemical properties of La2Mo2O9. 
Grain boundaries have been shown to potentially have a significant impact on oxygen 
transport properties of La2Mo2O9 [15]. In this paper, an oxygen isotopic labelling 
technique was employed and a fast grain boundary diffusion path was suggested from the 
observed elongated diffusion tail in the oxygen diffusion profile. However, no further 
investigations of the grain boundary diffusion in La2Mo2O9 were carried out.  
 The motivation for investigating the relationship between microstructure of La2Mo2O9 
and the electrochemical and oxygen transport properties is to design La2Mo2O9 with better 
performances by optimizing the material microstructure. Especially, whether the grain 
boundary plays a dominant role in oxygen diffusion is important to guide the optimization 
of microstructure in La2Mo2O9.  
    In this chapter, two different synthesis methods were used to prepare La2Mo2O9 powders 
of different particle size and La2Mo2O9 pellets were sintered at different temperatures. 
Grain boundary components were investigated by looking into the effect of grain size on 
electrochemical properties of the material, and also by applying oxygen isotope exchange 
and diffusion measurement in an 18O2 atmosphere. Moreover, a modified Pechini precursor 
process was employed. By decomposing the precursor at lower temperature, 
nanocrystalline powder was obtained. Pellets were prepared using the nanocrystalline 
powder and sintered in a low-temperature sintering method. The grain boundary influence 
in these samples was then investigated.  
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4.2 La2Mo2O9 with Micro-scale Particles 
Powder synthesis and pellet preparation of the La2Mo2O9 material used in this project 
has been introduced in Chapter 3. The conventional solid state reaction method and the 
Pechini method were employed to prepare the powder, followed by the pellet processing 
by uni-axial and isostatic press. In this section, techniques were applied to characterize 
particle size, phase transition, microstructure, electrical conductivity and oxygen transport 
properties of the prepared pellets.  
 
4.2.1 Powder Characterization 
4.2.1.1 Crystal Structure      
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Fig 4.1 XRD patterns of (a) α-La2Mo2O9, as reported by Evans et al [47] (indexation based on a 
cubic unit cell) and powders synthesized by (b) the solid state method and (c)the Pechini method 
(Inset – zoom of the range of 50~60˚ to show the peak splitting) 
 
As shown in Fig 4.1, the powders synthesized by both methods are well crystallized 
indicated by the sharp diffraction peaks. The diffraction positions of all the peaks are 
consistent with the crystallographic data reported for α-La2Mo2O9 and there are no 
impurity peaks in either pattern, which means that the obtained products are single phase to 
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the detection limit of the XRD technique. The indices of the majority of the XRD 
reflections are based on a cubic structure. The small reflections at 29.7˚ and 40.6˚ and the 
splitting of most of the peaks, such as the peaks in the range of 50~60˚ shown as the inset 
in Fig 4.1, indicate the low symmetry of the superstructure α-La2Mo2O9. Goutenoire et al 
[41] have suggested that the structure of α-La2Mo2O9 is a 2×3×4 monoclinic superstructure. 
However, in this large supercell, it is always difficult to determine the structure and locate 
every atom. To date, apart from the crystal structure determined by Evans et al [47], there 
have been few reports on the crystalline structure of α-La2Mo2O9. 
 
4.2.1.2 Morphology of the Prepared La2Mo2O9    
SEM images of different powders obtained by the two routes are shown in Fig 4.2. For 
the powder prepared by the solid state method, the particle size range is approximately 1~5 
µm. It is indicated from the image by the interfaces between particles that the primary 
particles tend to be sintered together, leading to large agglomerates, for which the reason 
may be the high synthesis temperature of up to 900˚C and 24-hour dwelling time. From the 
image on the right hand side, we can clearly see that the powder synthesized from the 
Pechini method has large agglomerates of up to around 20 µm diameter. From the inset, the 
particle size is shown to be in the range of 500 nm to 1 µm. It is clear that the particle size 
of the powder prepared by the Pechini route is smaller than that obtained from the solid 
state route. However, the large agglomerates could lead to large grain sizes in the pellet 
processing stage.  
 
   
Fig 4.2 SEM images of powders prepared by the solid state method (left) and Pechini method (right) 
(Inset-a high-resolution SEM image of the powder prepared by the Pechini method)  
 
1 µm
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The particle size distributions of the two powders were investigated with the results 
displayed below in Fig 4.3. A laser diffraction particle sizing technique was employed, as 
introduced in Chapter 3.  
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        (a)                                                                          (b) 
Fig 4.3 Particle size distribution of the powder obtained by (a) the solid state method and (b) the 
Pechini method 
 
For the samples obtained by the conventional solid state method, the difference between 
the ground sample and the ball-milled one is not obvious, as displayed in Fig 4.3 (a). The 
reason is considered to be that from the SEM results, it is demonstrated that the particles 
are bonded together closely due to the high synthesis temperature, so it is harder to break 
the agglomerations by ball-milling. 
From comparison of the two ground samples obtained by different synthesis routes, the 
particles (or agglomerations) have similar size, which has been confirmed by SEM 
imaging. The interesting thing is that for the Pechini sample, there is only one peak in the 
distribution curve, as shown in Fig 4.3 (b). This means that the small particles are highly 
agglomerated, mainly because of the synthesis method. After ball-milling, the 
agglomeration of the powder produced by the Pechini method was reduced. Because of the 
small size of individual particles, it should be proven easier to produce dense pellets using 
this powder than that obtained by the solid state method. 
Table 4.1 lists the particle size information extracted from the plots in Fig 4.3 for all of 
the samples. Comparing the samples produced by the Pechini method after grinding and 
ball-milling we can clearly see that the agglomeration has been reduced significantly after 
the ball-milling, which is indicated by both volume (weight) mean diameter and surface 
area mean diameter. The D[ν,0.5] also decreased from 30 µm to 3 µm. This result means 
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that the ball-milling process can reduce the particle size efficiently. On the other hand, the 
powder obtained by the Pechini method is much looser and can be easily broken down. 
 
Table 4.1 Particle size information of different powders 
Samples Pechini-1 
(ground) 
SS-1 (ground) Pechini-2  
(ball-milled) 
SS-2    
(ball-milled) 
D[4,3] (µm) 53.4 34.8 9.3 45.1 
D[3,2] (µm) 14.2 10.7 1.2 3.6 
D[ν,0.5] (µm) 30.2 26.4 3.3 22.8 
 
4.2.2 Pellet Characterization 
4.2.2.1 Compositional stoichiometry 
    In order to check the compositional stoichiometry of the prepared powder and the 
sintered La2Mo2O9, the La/Mo ratios of different powders sintered at 950˚C and 1100˚C 
were evaluated by ICP-AES (Inductively Coupled Plasma-Atomic Emission Spectrometry). 
The ratios for the four samples, which are SS950, SS1100, PE950 and PE1100 (SS & PE – 
the synthesis methods; 950 & 1100 – sintering temperatures (˚C)), are 1.030(4), 1.024(3), 
1.036(3) and 1.027(3) respectively. The results show there is slight molybdenum loss 
during the sintering. Considering the standard deviations of the obtained values, the 
sintering temperature does not have a significant impact on the stoichiometry of the 
synthesized powder. It also means even though the powder obtained by the Pechini method 
has smaller particle size than that prepared by the solid state synthesis, its composition 
stability is still as good as the SS powder.   
 
4.2.2.2 Dilatometry 
    In order to study the sintering process and to optimize the sintering regime to produce 
dense pellets, dilatometry was carried out on both the solid state and Pechini produced 
powders. For the dilatometric study, La2Mo2O9 cylinders (diameter – 6 mm; height – 5~6 
mm) were made from powders obtained by the Pechini and solid state method by uniaxial 
pre-pressing using 2 MPa pressure followed by iso-static pressing at 350 MPa for 30 s. The 
non-isothermal sintering behaviour was investigated by dilatometric analysis with a 
heating rate of 10 ˚C/min in flowing air from room temperature to 1300˚C.  
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Fig 4.4 shows the dilatometric curves of the two pellets made from powders produced 
by the two different synthesis methods. For the Pechini method, the slight expansion 
(1.47%) of the pellet is followed by the shrinkage beginning at approximately 700˚C. The 
densification process takes place mainly in the temperature range from 750 to 1150˚C with 
a final shrinkage of about 12.5%. For the solid state method, the extent of the first 
expansion and the following densification are both lower than those observed for the 
powder prepared by the Pechini method. The dominant densification temperature range is 
similar to the former, from 750 to 1150˚C, with a shrinkage peak at about 950˚C compared 
to the shrinkage peak at 1000˚C for the powder by the Pechini method (Fig 4.4, inset), but 
the final shrinkage is about 10.6%.  
The difference between the two curves is considered to be caused by the different 
particle sizes of the two powders. According to SEM results, it is implied that high 
synthesis temperature leads to agglomeration among particles for SS samples, although the 
average particle sizes of the two samples are very close. Therefore, during the sintering, SS 
samples exhibit less expansion and shrinkage. This figure also suggests that pellets made 
from the powder produced by the Pechini method should have a higher density than pellets 
made from the powder prepared by the solid state method.   
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Fig 4.4 Dilatometry curves of different powders prepared by the solid state and Pechini synthesis 
methods (Inset – derivative curves of the dilatometry results) 
     
    From these results, we can determine how to optimize the sintering conditions. The 
densification process occurs over the range of 950˚C to 1100˚C, so the sintering 
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temperature can be chosen in this range. It should also be noted that the sintering process is 
complete at 1300˚C.  
 
4.2.2.3 Pellet Microstructure 
According to the dilatometry analysis, three temperatures were selected from the 
shrinkage curves as sintering temperatures: 950, 1000 and 1100˚C. The dwell time at the 
sintering temperature was two hours, and the heating rate was 5˚C/min. The relative 
densities of pellets sintered at each of these different temperatures are displayed in Table 
4.2.  
 
Table 4.2 Details of pellets sintered at different temperatures (theoretical density of La2Mo2O9 – 
5.561 g/cm3 [47]) 
Pellets 
sintering 
temp(˚C) 
bulk density 
(g/cm3) 
relative 
density (%) 
porosity(%) 
SS-1 950 5.2 93.5 6.5 
SS-2 1000 5.3 94.6 5.4 
SS-3 1100 5.3 95.1 4.9 
PE-1 950 5.2 93.2 6.8 
PE-2 1000 5.4 97.0 3.0 
PE-3 1100 5.4 97.4 2.6 
 
The relative densities of samples made from the powder synthesized by the Pechini 
method are higher than those made from the powder produced by the solid state method, 
which is consistent with the particle size analysis and the dilatometry analysis. All of the 
samples sintered at 1000˚C and 1100˚C show densities around or higher than 95% of the 
theoretical density. The calculated fraction of porosity is consistent with the relative 
density, decreasing with the increase of the sintering temperature. The increase of the 
density when the sintering temperature was increased from 1000˚C to 1100˚C is not as 
significant as it is when the sintering temperature was increased from 950˚C to 1000˚C, 
which means that during this period, grain growth is predominant.  
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(a)                                                               (b) 
  
(c)                                                               (d) 
   
(e)                                                               (f) 
Fig 4.5 SEM images of the La2Mo2O9 pellets sintered at different temperature (thermally etched)   
(a) SS-1 (b)PE-1 (c) SS-2 (d) PE-2 (e) SS-3 (f) PE-3 
 
The microstructures of the pellets are shown in Fig 4.5. The average grain size can be 
estimated based on a physical model deduced by Mendelson et al [186] from the average 
intercept size which can be obtained on a polished surface. The equation is suggested as: 
                                                          D (grain size) = 1.56L                                                           (4.1) 
in which L is the average intercept length over a large number of grains as measured on the 
plane of polish, and 1.56 is used as an estimate derived from the grain size distribution in a 
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sintered polycrystalline structured compact with normal grain growth. The calculated grain 
sizes based on this model are listed in Table 4.3. Although the grain sizes were somewhat 
influenced by different batches of synthesized powder, it is clear that the pellet produced 
from powder synthesised by the Pechini method is of greater density than that produced by 
the solid state synthesis. All of the images exhibit a certain amount of closed porosity, 
which is consistent with the Archimedes density measurements. Most of the pores are 
located along grain boundaries and near the triple points of grain junctions, which implies 
dominating grain growth in the final sintering stage. 
 
    Table 4.3 Estimated grain sizes of pellets sintered at different temperatures 
Sintering Temperature 950˚C 1000˚C 1100˚C 
SS samples 10.9 µm 29.8 µm 26.7 µm 
PE samples 11.0 µm 6.7 µm 12.7 µm 
 
4.2.2.4 Phase Transition  
Differential Scanning Calorimetry (DSC) was applied to the pulverized sintered samples 
(pellets were sintered at 1000˚C for 2 hrs) to study the enthalpy change during the phase 
transition. The same measurement was done on the as-prepared powder as a comparison, 
as shown in Fig 4.6. The DSC curves of the as-prepared powders were very similar for 
both Pechini and solid state prepared materials, whilst there was a slight difference 
between the samples during the cooling cycle for the pulverized sintered pellets. The 
endothermic peak positions are all lower than the published values which are normally 
580˚C [10]. The endothermic and exothermic peaks and the enthalpy changes of the phase 
transition are detailed in Table 4.4. The phase transition temperatures were lower for the 
pulverized sintered pellets than those for the as-prepared powders, and the thermal 
hysteresis for the raw powder is about 10˚C lower than that for the sintered samples. One 
of the possible explanations is that the introduced strain among grains during the pellet 
sintering affected the phase transition process, especially during cooling when the structure 
is transformed from a dynamic disorder to a static disorder phase [187, 188]. The enthalpy 
changes for both PE samples were slightly larger than those for both of the SS samples. 
The enthalpy changes during cooling are smaller than those during heating for all of the 
samples.  
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           (a)                                                                          (b) 
Fig 4.6 DSC curves for (a) the pulverized sintered pellets and (b) the as-prepared powders  
 
The enthalpy changes for the α→β phase transition in all of the samples were 
determined to be 5~6 J/g, similar to the value in the literature [80],  but lower than in  other 
reports of 8~9 J/g [52, 53]. This could indicate that the phase change in the materials 
produced in this study is less dramatic than previously reported. Tarancón [189] observed 
the sintered La2Mo2O9 showing a much lower enthalpy change than the as-prepared 
powder produced by a polymethacrylamide-gel combustion method and therefore 
suggested the sintered sample presented a similar phase to β-La2Mo2O9 at room 
temperature. As the difference in this work is not dramatic, although the enthalpy changes 
exhibit the similar trend as those in the work by Tarancón [189],  further investigation is 
required on the influence of sintering on the phase stabilization of La2Mo2O9 at room 
temperature.  
 
Table 4.4 Phase transition peak positions and enthalpy changes for the synthesized powders and 
sintered pellets of La2Mo2O9 
Heating Cooling  
Tp (˚C) ∆H (J/g) Tp (˚C) ∆H (J/g) 
SS powder 571 -5.6 (± 0.3) 542 4.4 (± 0.2) 
PE powder 573 -6.4 (± 0.3) 545 4.6 (± 0.2) 
SS pellet 570 -5.7 (± 0.3) 533 3.2 (± 0.2) 
PE pellet 570 -5.8 (± 0.3) 530 4.3 (± 0.2) 
 
4.2.3 Electrical Properties 
The high ionic conductivity of La2Mo2O9 makes it a competitive candidate for the 
electrolyte in SOFCs. In order to investigate the electrical conductivities of the obtained 
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pellets, AC impedance spectroscopy was used. The pellets were measured over the 
temperature range of 300˚C to 750˚C in static air, with the frequency range from 0.1 Hz to 
10 MHz and the AC voltage amplitude of 50 mV.  
 
0 1000 2000 3000 4000 5000 6000
0
1000
2000
3000
4000
 
 
-
Z"
 
(oh
m
)
Z' (ohm)
 measured values
 modelled values
5.2MHz 6.5KHz
 (a)  
0 1000 2000 3000 4000 5000 6000
0
1000
2000
3000
4000
 
 
-
Z"
 
(oh
m
)
Z' (ohm)
 measured values
 modelled values
5.2MHz
6.5KHz
 (b)  
           
0
        (c) 
Fig 4.7 Impedance spectra recorded at 500˚C of (a) SS-2 (b)PE-2 with the modelled curves 
displayed as a comparison according to (c) the equivalent circuit 
     
    Fig 4.7 presents the impedance spectra of SS-2 and PE-2 samples (sintered at 1000˚C) 
recorded at 500˚C, compared with the equivalent circuit model. As typical spectra of ionic 
conductive ceramics, the first semicircle in each spectrum is assigned to a bulk 
contribution whereas the second is assigned to a grain boundary component. Therefore, the 
spectra were fitted to an equivalent circuit consisting of three RQ elements in series, 
assigned to bulk, grain boundary and material/electrode contribution. R represents a 
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resistance and Q (CPE) is a constant phase element in parallel (R0 is assigned to the 
resistance of the connecting Pt wires used in the AC impedance measurement). The 
modelling curves fit well with the measured ones, as shown in Fig 4.7. 
The grain boundary contribution plays a dominant role in the total conductivity, a 
difference from previous studies [56, 65] in which the grain boundary could not be 
detected even at low temperatures. Therefore, the grain boundary component should be 
taken into consideration in discussion of the electrical properties of these samples. The 
cause for the large grain boundary component is probably the impurities coming from the 
processing of powders (such as ball-milling) which remain in the final phase and may be 
located mainly in the grain boundary after sintering process. The ICP measurement showed 
that there was a certain amount of trace impurities such as Ca and K in the pulverized 
pellets. Although the quantity of impurities is too small to be detected by XRD, the 
blocking effect at grain boundary could be apparent. 
The fitting results of bulk and grain boundary components for SS-2 and PE-2 samples 
are detailed in Table 4.5. The bulk resistance of PE-2 is slightly smaller than that of SS-2, 
while the grain boundary resistance does not show an obvious difference. The difference 
between the two samples is considered to be related to the microstructures of the two 
samples.  
 
Table 4.5 The fitting results of bulk and grain boundary components for SS-2 and PE-2 samples 
(impedance spectra recorded at 500˚C) 
Resistances (Ω) Capacitance (F) Fitting 
Results R1 R2 C1 C2 
SS-2 721 (± 13) 1444 (± 26) 3.9 (± 1.3)×10-11 1.8 (± 0.4)×10-8 
PE-2 638 (± 10) 1459 (± 22) 4.6  (± 1.4)×10-11 2.1 (± 0.4)×10-8 
  
The total conductivity determined by impedance spectroscopy data were plotted using 
the Arrhenius equation:  
)/exp(0 kTE
T a
−=
σ
σ                                                  (4.2)                                     
where Ea is the activation energy, k is the Boltzmann constant, T is temperature, and σ0 is a 
pre-exponential factor. The results are shown in Fig 4.8, compared with the reference data 
extracted from the work of Lacorre [10]. As can be seen in the figure, the conductivity 
increased during heating as expected. All of the values were similar to the reference data 
despite a slight decrease at high temperatures. Among the six samples sintered at three 
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temperatures, the two samples sintered at 1000˚C show the best total conductivity. 
Although the sample sintered at 1100˚C had the highest density in each series, the 
conductivity is not the highest. The inset shows the bulk conductivities of the samples each 
of which exhibits a phase transition at about 570˚C, accompanied by a conductivity 
increase of one order of magnitude. Moreover, it appears that the grain boundary is a more 
important factor than the grain interior from the AC impedance spectra and the large grain 
boundary resistance brings forward a negative influence on the total conductivity. 
Therefore, the conductivity increase at the phase transition is not obvious in the Arrhenius 
plot of the total conductivity.   
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Fig 4.8  Arrhenius plot of total electrical conductivities of different samples sintered at different 
temperatures (Inset – Arrhenius plot of the bulk conductivities) 
 
As demonstrated in previous studies [12, 112], the temperature dependence of ion 
conductivity is discussed in two regimes, which can be displayed by the Arrhenius 
equation at low temperature and the Vogel-Tamman-Fulcher (VTF) formula at high 
temperature. At low temperatures, ion diffusion is regarded as a thermally activated 
mechanism, in which the increase of the temperature provides energy high enough to 
overcome the energy barrier for oxygen ions to transport among the vacancies. The energy 
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barrier is also referred to as the activation energy for oxygen conduction. The Arrhenius 
equation is described by Eq (4.2). With the increase of temperature, the oxygen ions 
become more activated, and the ion diffusion regime becomes thermally assisted. It 
displays as a positive deviation of the ion conductivity from the Arrhenius line, as shown 
in Fig 4.9, which can be fitted by the VTF formula: 
))(exp( ο
οσσ
TTk
B
T −
−=                                          (4.3)                                         
where σ0 is a prefactor, B and T0 are fitted parameters, and k is the Boltzmann constant. 
The VTF equation is commonly used to describe the temperature dependence of viscosity 
for silicate melts or diffusion of highly mobile ionic species [190, 191]. The curve matches 
the experimental data points very well, as displayed in Fig 4.9. The total conductivity 
curves were used because of the lack of enough data points for bulk conductivities at high 
temperatures. The turning point is around 540˚C, higher than the transition temperature 
which has been previously reported as approximately 440˚C [12]. It has been suggested 
that the transition from one conduction regime to the other implies a transition between 
static and dynamic disorder of oxide ions. Lacorre and his co-workers [46] suggest that 
when the temperature increases, the rigid constitutive parts of the crystal structure begin to 
tilt, thus opening up migration pathways for the oxygen ions and promoting the diffusion 
process. This explanation is based on the correlations between ionic conduction and 
thermal expansion, and consistent with the increasing cell volume at high temperature. A 
similar explanation has also been proposed for the lithium-ion conductors in other studies 
[191].  
    The difference between the two types of conductivity behaviour is not large, which 
could be explained by the influence of the dominant grain boundary component in the total 
conductivity. Further studies on the microstructure are needed to verify this phenomenon. 
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Fig 4.9 Fit of the La2Mo2O9 total conductivity curves using an Arrhenius-type model at low 
temperature, and a VTF-type model at high temperature (a) SS-2 (b) PE-2 
 
4.2.4 Oxygen Diffusion  
La2Mo2O9 pellets (> 95% dense) which were made from the powder obtained by the two 
synthesis methods previously described, were prepared (sintering temperature – 1000˚C) 
for oxygen isotope exchange and diffusion measurement. The sample surface was coated 
with a thin silver film of about 100 nm thickness in order to enhance the surface exchange 
in 18O2 atmosphere. The mechanism of oxygen surface exchange enhancement by silver 
will be discussed in detail in the next chapter.  
Both SS and PE samples were exchanged in 18O2 at 500, 550, 600 and 700˚C 
respectively. The two dynamic SIMS instruments used for this work were the Atomika 
6500 with a nitrogen primary ion beam and an Atomika 4500 with Ar+ primary ion beam. 
The incident beam energy was 5 KeV with the ion current of 60 nA (Atomika 6500) and 
2.5 KeV with 75 nA (Atomika 4500). A discussion of the errors associated with oxygen 
diffusion coefficient derivation on these two instruments is detailed in Appendix I (the 
Atomika 4500 instrument was only used to obtain diffusion profiles of the SS samples 
exchanged at 500, 550, 600 and 700˚C; all the other diffusion profiles in this project were 
determined on Atomika 6500).  
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            (a)                                                                            (b) 
Fig 4.10  Line scan profiles of the samples with the fit results displayed as solid lines  (a) SS 
samples recorded on an Atomika 4500; (b) PE samples recorded on an Atomika 6500 
 
Table 4.6 Calculated oxygen diffusion coefficients of the sintered SS and PE samples at different 
exchange temperatures 
Exchange Temperature (˚C) 
D* (cm2·s-1) 
500 550 600 700 
SS samples 2.4(7)×10-9 1.1(3)×10-8 1.6(2)×10-7 3.1(3)×10-7 
PE samples 3.2(9)×10-9 1.2(4)×10-8 1.9(2)×10-7 3.1(3)×10-7 
 
The line scanning profiles obtained are shown in Fig 4.10. The difference in the surface 
isotopic fraction is suggested to be caused by the silver coating and the exchange 
temperature. It is clear that the diffusion length is increasing with the exchange 
temperature, especially after the temperature is increased to 600˚C when the material 
undergoes a structural change to β-La2Mo2O9. The diffusion coefficients obtained by 
fitting the profile to the Crank solution of Fick’s second law of diffusion are displayed in 
Table 4.6. Surface exchange coefficients are not discussed because the surface was 
modified by the silver coating. Error bars are estimated according to the effects of the 
lateral resolution on diffusion profiles, which are discussed in Appendix I. 
As can be seen in Fig 4.11, the difference in the diffusion coefficients of the two series 
of samples is quite small, taking consideration of the estimated error bars, although the 
microstructure of the two series of pellets are different in grain size because of different 
powder synthesis routes, which have been presented above. This could suggest that the 
grain size does not have any significant influence on the diffusion coefficient.    
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Fig 4.11  Arrhenius plot of oxygen diffusion coefficients of SS and PE samples at different 
temperatures 
 
    Fast oxygen diffusion along grain boundaries has been suggested by Georges et al [15] 
when the isotope exchange was carried out in a H218O atmosphere, indicated by  an 
elongated tail in the diffusion profile. However, all of the samples in the current work did 
not show any apparent grain boundary diffusion, and the grain boundary did not seem to 
have a significant effect on the oxygen transport properties. However, from AC impedance 
spectra, there is evidence that the grain boundary component has a blocking effect on 
oxygen ion conductivity, which might suggest why there is no fast grain boundary 
diffusion tail observed in the diffusion profiles. If this were the case, it would be unlikely 
that the effects of grain boundary diffusion would be observed.  
 
4.3  La2Mo2O9 with Nano-scale Particles 
As revealed in the above section, the effects of grain size on oxygen transport properties 
and electrochemical characterization of La2Mo2O9 are apparently not significant. However, 
the reason is likely to be that the grain size difference between the two samples is not large 
enough as both are in the range of 10~20 µm. In this section, the Pechini synthesis route 
was optimized to prepare nanocrystalline La2Mo2O9 powder. A new multi-step low 
temperature sintering method was employed to obtain pellets with a smaller grain size than 
was possible by the conventional high temperature sintering. Electrochemical and oxygen 
transport properties were studied and compared with those from the previous section.  
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4.3.1 Optimized Pechini Route     
In the previous section (4.2.1), the precursor for the Pechini method was decomposed at 
550˚C followed by a heating step at 750˚C for 12 hrs. The SEM image reveals the particle 
size of between 0.5 and 1 µm in Fig 4.3. However, by the synthesis method that was used 
before, the particles have been sintered together during the synthesis, so that the grain size 
becomes even larger in the later stage of pellet processing, as evidenced in the high 
resolution SEM images displayed in Fig 4.12. Fig 4.12(a) shows the loose particles 
distributed over large sintered agglomerate while Fig 4.12(b) shows clearly the sintering 
phenomenon in the particle agglomerates. The loose particles are quite small, most of 
which are in the range of 200~500 nm. The grain size of the sintered bodies is around 0.8 
µm. From what was discussed above, it implies that even though ultrafine powder can be 
obtained by the Pechini route, the decomposition process of the precursor has to be 
optimized to avoid agglomerations in order to decrease the grain size of the sintered pellets. 
 
  
(a)                                                                         (b) 
Fig 4.12 High resolution SEM images of La2Mo2O9 powder (a) & (b) after decomposing the 
Pechini precursor at 550˚C followed by a second stage at 750˚C 
 
To avoid the sintering of small particles during the synthesis process, the Pechini 
precursor was decomposed at 500˚C and 550˚C. Fig 4.13 plots the obtained XRD patterns 
of the decomposed Pechini precursors. After decomposition at 500˚C, the precursor is still 
amorphous while at 550˚C, the precursor had decomposed and crystalline La2Mo2O9 was 
obtained. The SEM image in Fig 4.14 shows that the obtained La2Mo2O9 particles are 
nano-scale and the particle size is uniform, around 50 nm. However, agglomerates of 
irregular morphology with flake like structures are observed in the SEM image, shown in 
Fig 4.15. On the surface, the particles in the range of 50~100 nm are slightly sintered 
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together while inside, the sphere-shaped particles form a porous structure, as shown in the 
insets in Fig 4.15. 
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Fig 4.13 XRD patterns of the Pechini precursors decomposed at 500˚C and 550˚C respectively 
 
 
Fig 4.14 SEM image of La2Mo2O9 by decomposing the Pechini precursor at 550˚C 
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Fig 4.15 SEM images of La2Mo2O9 agglomerates obtained by decomposing the Pechini precursor 
 
    In order to clarify the decomposition process of the Pechini precursor, TG-DSC 
measurements were carried out, as shown in Fig 4.16. The total weight loss from the TG 
curve is about 57%. From the starting materials, La(NO3)3, (NH4)6Mo7O24, citric acid 
(HOOC-CH2-C(COOH)(OH)-CH2-COOH) and ethylene glycol (HO-CH2-CH2-OH), the 
theoretical weight loss is about 67%, calculated from the theoretical weight of the final 
product La2Mo2O9. However, there will be some HNO3 generated from the reaction that 
would have been released during the water bath heating at 80˚C. Therefore, the weight loss 
of 57% from the decomposition curve is reasonable. 
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Fig 4.16 TG-DSC curves of the Pechini precursor 
 
Table 4.7 Corresponding reactions at four stages during the decomposition of the precursor 
Stage Endo/Exo 
Temp 
( )℃  
Reactions 
Calculated 
weight loss 
(%) 
Measured 
weight 
loss (%) 
Ⅰ endo < 100 Loss of the adsorbed water - ca. 4 
Ⅱ exo 100~200 
Dissociation of ammonium nitrate  
Release of the residual nitrate 
10 ca. 11 
Ⅲ exo 200~550 
Fracture and oxidation of –CH2,  
–OH, and –COO- 
24 ca. 26 
Ⅳ exo 618 
Oxidation of residual organic parts 
and formation of La2Mo2O9 
15 ca. 16 
 
In the TG-DSC curves of the La-Mo polymeric precursor, the decomposition occurs in 
four stages. The first step weight loss occurs in the temperature range below 100˚C which 
is due to the loss of the adsorbed water from the precursor. The second stage of weight loss, 
corresponding to two small exothermic peaks, is assigned to the dissociation of ammonium 
nitrate and the release of residual nitrate. The third stage between 200˚C and 550˚C 
corresponds to approximately 26% weight loss, which is suggested to be caused by the 
fracture and oxidation of –CH2, –OH, and –COO- [81, 192]. The last stage is characterized 
by a sharp exothermic peak at 618˚C which is assigned to the combustion of the residual 
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organic components and formation of La2Mo2O9. The four stages of the suggested 
reactions during the decomposition of the precursor are listed in Table 4.7. The TG curve 
reaches a plateau after this stage, which means the formation of final product La2Mo2O9 
through the decomposition of the precursor is finished and no further reaction is observed.  
This is consistent with the XRD pattern of the obtained La2Mo2O9 phase pure powder, 
although the decomposition temperature was 550˚C, for which the reason could be that the 
TG-DSC is a dynamic thermal analysis with a heating rate of 10˚C/min while the 
decomposition of the precursor was carried out in a thermostatic furnace at 550˚C. 
 
4.3.2 Low Temperature Sintering 
Nanocrystalline La2Mo2O9 powder was prepared by the optimised Pechini route 
discussed above. In order to obtain pellets of smaller grain size, multi-step low temperature 
sintering was introduced instead of the conventional high temperature sintering. The 
mechanism of this sintering method has been discussed in Chapter 3. Three-step and two-
step low temperature sintering has been reported to prepare dense La2Mo2O9 pellets in 
previous publications [84, 85]. In the current work, pellets were sintered according to six 
schedules, as listed in Table 4.8, compared to the sample which was sintered in the 
conventional schedule.  
 
Table 4.8 La2Mo2O9 samples sintered according to different schedules and their corresponding 
relative densities  
Sample 
number 
Sintering schedule 
Relative density 
(%) 
Average grain size 
(µm) 
P1000 1000˚C×6h 94.3 17.7 
T800 800˚C×0.1h + 650˚C×30h 85.7 2.7 
T950 950˚C×0.1h + 650˚C×30h 89.0 8.8 
H850 
570˚C×6h  
 850˚C×0.1h + 600˚C×30h 
85.2 6.2 
H900-1 
570˚C×6h  
900˚C×0.1h + 600˚C×20h 
83.6 5.7 
H900-2 
570˚C×6h  
900˚C×0.1h + 600˚C×40h 
82.6 3.0 
H900-3* 
570˚C×6h  
900˚C×0.1h + 600˚C×50h 
89.6 6.7 
    * the La2Mo2O9 powder was ball-milled before making the green pellet 
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(a)                                                                           (b) 
  
(c)                                                                           (d) 
  
(e)                                                                           (f) 
Fig 4.17 SEM images of La2Mo2O9 samples sintered at different schedules (a) T800 (b)T950 
(c)H850 (d)H900-1 (e)H900-2 (f)H900-3 (Representative dense region is shown for each sample to 
indicate the grain size) 
 
As we can see in Table 4.8, the relative densities of all of the six samples are around 
85%, although the value increased to nearly 90% after the obtained La2Mo2O9 powder 
from the optimised Pechini route was ball-milled. This is different from the previous 
reports [84, 85], in which pellets of higher than 95% density were obtained by two-/three-
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step low temperature sintering. One possible explanation for this difference could be due to 
the agglomerates in the precursor, shown in Fig 4.15. The SEM images of all of the 
samples sintered at low temperatures are displayed in Fig 4.17, with the estimated grain 
sizes listed in Table 4.8. It seems that the pre-heating at low temperature in the three-step 
sintering is not important; the high sintering temperature has a significant effect on the 
grain size of the sintered sample; the dwell time at the last step has some effect on the grain 
size but it is not dominant. 
 
4.3.3 Electrochemical Properties 
The conductivities of these sintered samples were characterized by AC impedance 
spectroscopy and the resulting data are presented in the Arrhenius plot in Fig 4.18. All of 
the samples except for T950 exhibit better conductivities than the reference data. 
Compared to the samples sintered at high temperature which were discussed in the 
previous section, the electrochemical properties of the low temperature sintered samples 
dramatically improved. The total conductivity of T800 reaches 0.15 S·cm-1 at about 800˚C, 
more than twice the reported value, 0.06 S·cm-1 [10]. T800, H900-1 and H900-2 exhibit 
better conductivities than the other group, H850, H900-2 and P1000. The difference is 
probably due to the different grain sizes of the two groups, which will be discussed in 
detail later. 
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Fig 4.18  Arrhenius plot of total conductivities of all samples sintered at low temperatures 
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The increase of total conductivity at the phase transition is obvious, different from the 
samples discussed previously, because the grain boundary component is not dominant in 
the total conductivity. Fig 4.19 illustrates the impedance spectra of three samples. H900-1 
exhibits the highest conductivity as well as T800, because there is no apparent grain 
boundary resistance in the impedance spectrum. The arc at high frequency is associated 
with the contribution of the grain interiors. For H850, the conductivity is lower than that of 
H900-1 due to the emergence of a grain boundary component. P1000 exhibits a larger 
grain boundary arc, which explains why this material has lower total conductivity than the 
other samples.  
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Fig 4.19 AC impedance spectra of three samples at 500˚C: H900-1, H850 and P1000 respectively  
 
Although the bulk resistance is different for each sample in Fig 4.19, a meaningful 
comparison should be built upon the corrected conductivity considering the porosity in 
each sample. The correction is based on Bruggeman symmetric medium theory [193] 
which is used to describe the conductivity of a composite: 
)0]()2/3(1[ =−= lhm whenf σσσ                                   (4.4) 
where σm is the measured conductivity, σh is the conductivity of the high conducting phase 
(in this case, La2Mo2O9 phase) and σl is the conductivity of the low conducting phase (in 
this case, pores, so that σl = 0), f is the volume fraction of the low conductivity phase 
(porosity, measured from the Archimedes method). As shown in Table 4.9, the corrected 
bulk conductivity of H900-1 and H820 are slightly higher than the high temperature 
sintered sample, P1000. It appears that the bulk conductivities of low temperature sintered 
samples are slightly improved. The grain boundary contribution seems to be associated 
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with the grain size. When the grain size is smaller than 6 µm, e.g. H900-1, there is no 
apparent grain boundary component, therefore the total conductivity is high; when the 
grain size becomes larger, the grain boundary component starts to emerge and decreases 
the total conductivity, e.g. H850; when the grain size is around 10 µm or greater, the grain 
boundary component dominates the total conductivity, exhibiting a decreased conductivity, 
e.g. P1000. A similar result was found by Wang et al [84] that the grain size of dense 
La2Mo2O9 samples prepared from nanocrystalline powder did not have a significant effect 
on the conductivity when the grain size range was 0.8~5 µm.  
 
Table 4.9 Bulk resistance and conductivity correction of H900-1, H850 and P1000 respectively at 
500˚C (the measured values were obtained from the equivalent circuit analysis of the AC 
impedance spectra shown in Fig 4.19 ) 
Samples Resistance(Ω) Capacitance(F) σm (S·cm-1) σh (S·cm-1) 
H900-1 1600 1.8×10-11 1.9×10-4 2.4×10-4 
P1000 1394 2.4×10-11 1.9×10-4 2.1×10-4 
H850 1370 2.2×10-11 1.8×10-4 2.3×10-4 
 
4.3.4 Oxygen Diffusion 
As discussed in the previous section, the diffusion profiles of SS and PE samples did not 
exhibit fast grain boundary diffusion. Although it appears that the grain boundary 
component does not have a significant effect on oxygen diffusion, there is also a possibility 
that the blocking grain boundary which is illustrated through the large grain boundary 
semicircles in AC impedance spectra led to the failure of observing fast grain boundary 
diffusion. By introducing the low temperature sintering method, samples of small grain 
size present no or significantly lower grain boundary resistance. Therefore, oxygen isotope 
exchange and diffusion measurements were applied on two samples which were sintered 
according to the schedule of H900-1 and H900-3 respectively. Note that the density 
requirement is not satisfied for depth profiling, but the error introduced in line scanning 
should be relatively small.  
The diffusion profiles of the two samples and the fitting results are shown in Fig 4.20 
and Fig 4.21. The insets show the data and the fit on a logarithmic scale to indicate the 
quality of the fitting. Although there are some deviations at low isotopic fraction, the fit to 
Crank’s solution to Fick’s second law of diffusion appears good in each profile. There does 
not seem to be grain boundary diffusion tailing in either of the profiles. The obtained 
diffusion coefficients are listed in Table 4.10. Considering the standard deviations, there is 
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not much difference between the samples, which is consistent with the similar bulk 
conductivity from AC impedance measurement. It implies that the grain boundary 
component does not appear in the oxygen diffusion profile, although it has a significant 
effect on the total conductivity of La2Mo2O9. 
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Fig 4.20 18O diffusion profile of a sample (H900-1) exchanged at 700˚C for 30 mins. The inset 
shows the same data and theoretical fit on a logarithmic scale (primary ion beam: Ar+) 
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Fig 4.21 18O diffusion profile of a sample (H900-3) exchanged at 700˚C for 30 mins. The inset 
shows the same data and theoretical fit on a logarithmic scale (primary ion beam: Ar+) 
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Table 4.10 Diffusion coefficients of the two samples sintered at low temperature, compared with 
that sintered at high temperature.  
 SS1000 H900-1 H900-3 
D* (cm·s-1) 3.0 (± 0.9)×10-7 2.6 (± 0.5)×10-7 3.4 (± 0.5)×10-7 
 
4.4 Discussion  
By comparing the electrochemical and oxygen transport properties in samples of 
different grain size, it is apparent that grain size does not have a significant effect on the 
bulk conductivity but does have an effect on the grain boundary conductivity. When the 
grain size is less than 6 µm, the grain boundary component is not obvious. However, with 
the increase of grain size, the grain boundary resistance increases, leading to a degradation 
of the total conductivity.  
The blocking effect of the grain boundary might be a result of impurities (such as Ca and 
K) coming from the processing of the powders which remain in the final phase and may be 
located mainly in the grain boundary after the sintering process, as evidenced from ICP 
measurements of the pulverized pellets. Although the quantity of impurities is too small to 
be detected by XRD, the blocking effect at grain boundaries could be apparent.  
 
O2-
(a) (b)
 
Fig 4.22 Two models for the grain boundary effect (a) constriction resistance model (b) blocking 
model (adapted from[194]) 
 
The grain boundary blocking effect has been observed in many oxygen-ion conductors 
and two models have been suggested – the constriction resistance model and the blocking 
model, as illustrated in Fig 4.22 [194]. The two models can be distinguished by comparing 
the activation energies of grain boundary and bulk. If the grain boundary resistance 
exhibits a similar activation energy to that of the bulk resistance, it indicates that the non-
conducting phase is located at the grain boundary region and the oxygen ion transport is 
limited; on the other hand, if the activation energy of the grain boundary is larger than that 
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of the bulk, the secondary phase of high resistivity is surrounding the grains and blocking 
the oxygen ion transport [195].  
The activation energies of three samples exhibiting different grain boundary resistivity 
behaviour are compared in Table 4.11. For H900-1 and H850, the grain boundary 
activation energy is similar to that of the bulk, which means the grain boundary blocking 
effect can be assigned to the constriction resistance model. With the increase of grain 
boundary activation energy in SS-2, the grain boundary effect is suggestive of the blocking 
model. Correlating the grain boundary effect to the grain size, it may suggest that with the 
increase of grain size, the non-conducting phase concentration at the grain boundary is 
increased, leading to the spread of the blocking layer surrounding the grains. This blocking 
effect can lead to a consequence of one order of magnitude loss of total conductivity. 
Therefore, the grain boundary effect is a significant factor in the electrochemical properties 
of La2Mo2O9. If the impurity can not be easily eliminated, the material processing stage 
should be optimized to minimize the grain boundary resistance.  
 
Table 4.11 Activation energies of bulk and grain boundary of three samples exhibiting different 
grain boundary component behaviour 
samples 
Ea (bulk) 
KJ/mol 
Ea (grain boundary) 
KJ/mol 
SS-2 128 (± 5) 145 (± 3) 
H900-1 120 (± 8) 112 (± 2) 
H850 119 (± 2) 123 (± 3) 
 
However, there are many other factors which could affect the grain boundary resistance, 
such as segregation effects and grain boundary space charge [196]. The nature of the grain 
boundary component remains unclear and appropriate micro-analytical techniques are 
required.  
 
4.5 Conclusions 
In this chapter, effects of microstructure on electrochemical properties of La2Mo2O9 
have been investigated. Two different synthesis routes were applied to prepare materials 
with different particle size. The samples which were sintered using the conventional high 
temperature sintering route did not exhibit dramatic differences in conductivity when 
comparing samples made from either the powder prepared by the solid state method or the 
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Pechini method. However, the grain boundary resistance was large in each of the samples 
which led to a decrease in the total conductivity. Subsequently, nanocrystalline La2Mo2O9 
was prepared in an optimized Pechini route. By applying a multi-stage low temperature 
sintering process, the grain size was reduced drastically. The conductivities of this series of 
samples were much higher than those with large grain size, showing less grain boundary 
blocking effect, which suggests that the grain size has a significant effect on the grain 
boundary behaviour. This is important when considering the optimization of the 
electrochemical performance, especially if any impurities can not be conventionally 
eliminated. However, the samples sintered using the multi-stage low temperature route 
showed lower densities than those reported previously [84, 85], for which the reason might 
be the agglomerates of the precursor of the Pechini synthesis method. Therefore, the 
Pechini synthesis route and the multi-stage low temperature sintering process need to be 
optimized in order to prepare samples with better electrochemical properties.  
Oxygen surface exchange and diffusion data were also acquired from these samples. 
There was no significant difference between samples with different grain sizes and 
exhibiting different grain boundary conductivity, which means only bulk diffusion was 
present in these samples. The diffusion profiles did not exhibit any fast grain boundary 
diffusion, which is consistent with the grain boundary blocking effect from the AC 
impedance spectroscopy data.  
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Chapter 5   
Application of Silver Coating  
in Oxygen Isotope Exchange and Diffusion Measurement in 18O2 
 
5.1 Introduction 
As discussed in Chapter 3, for ion conducting materials, the oxygen surface exchange is 
limited by the availability of free electronic species in dry exchange [184]. The charge 
transfer step becomes the rate-determining step which leads to difficulties in oxygen 
surface dissociation and incorporation. To overcome this limitation, one solution is to 
perform the isotope exchange in a humidified atmosphere, because it has been proposed 
that the water adsorbed on the surface plays an important role in the oxygen isotope 
exchange reaction [171, 197] with dissociation of H2O being more favourable than that of 
O2(g). The only previous report [15] of oxygen ion diffusion in LAMOX, which was 
undertaken in a wet atmosphere, reveals the diffusion profiles at different temperatures and 
reports the calculated tracer diffusion coefficient of oxygen. This report did, however, raise 
questions about the nature of the oxygen transport in LAMOX. To date, there have not 
been further reports on the oxygen exchange and diffusion with a dry 18O2 atmosphere. 
Silver is regarded as a good catalyst for the electrochemical reduction of oxygen in 
Ag/electrolyte systems [198, 199]. The application of silver to enhance the surface oxygen 
exchange for oxygen diffusion measurements of ionic conductors has been proven to be 
effective in optimising the surface exchange [200, 201]. 
In this chapter, the application of a silver coating on the surface of La2Mo2O9 samples to 
enhance oxygen dissociation and incorporation in dry exchange is investigated. By this 
method, the surface exchange enhancement was dramatic and acceptable diffusion profiles 
were obtained to enable the oxygen diffusion coefficient to be determined. However, 
samples started to suffer from insufficient oxygen surface exchange due to the loss of 
silver on the surface at high temperatures, which is a limitation of using Ag. The effects of 
silver coverage and morphology on the surface are also discussed. Moreover, studies on a 
sample with Ag-Au coating indicated that the significant factors improving surface 
incorporation are not only the availability of electrons but also the catalytic mechanism of 
silver for oxygen reduction. 
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5.2 Application of Silver Coating 
5.2.1 Isotope Exchange of La2Mo2O9 in Dry 18O2 Gas 
A well-prepared La2Mo2O9 sample was exchanged in 18O2 atmosphere at 700˚C for 2 hrs. 
The surface isotopic fraction was obtained by the depth profiling technique and compared 
with the value of an un-exchanged sample, as shown in Fig 5.1. It is evident that the 
surface isotopic fractions of both samples are close to the natural abundance of 18O which 
is 0.2%. This observation is consistent with a previous report [15] in which virtually no 
detectable 18O enrichment from the oxygen isotope exchange in dry atmosphere at 650˚C 
was observed.  
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Fig 5.1 Surface isotopic fractions of an un-exchanged La2Mo2O9 sample and a sample exchanged 
in 18O2 atmosphere at 700˚C for 2 hrs 
 
By enhancing the surface exchange on the electrolyte with a silver coating, a diffusion 
profile can be obtained from which the oxygen diffusion coefficient can be calculated, as 
shown in Fig 4.10. However, the surface exchange coefficient no longer reflects the 
surface exchange property of the electrolyte, due to the presence of the silver coating. 
 
5.2.2 Introduction of Ag Coating 
Oxygen incorporation and transfer at the gas-solid interface is normally the limiting step 
in oxygen isotope exchange and diffusion measurements on electrolyte materials. In 
previous studies, a current was applied to the bismuth-based materials (BIMEVOX) to 
improve the slow kinetics of oxygen transfer at the surface of the electrolyte [202]. With 
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the electrical bias, a high 18O fraction was observed in the sample and the surface transfer 
was also found to be dependent on the applied current.  
Another method to enhance the surface exchange is to reduce the oxygen molecules to 
oxygen ions via a cathode catalyst. The oxygen ions then migrate through the surface and 
are incorporated into the electrolyte material. Several studies have been carried out to 
investigate the enhancement of oxygen exchange at the interface of the cathode and 
electrolyte [203-205]. Noble metals such as Pt and Au have been used as the electrode 
materials but were suggested  to act as a complete ion blocking electrode on the electrolyte 
[204, 206, 207]. Even though the cathodic polarization is applied, the active sites for 
oxygen surface exchange are only located at the interface of O2/noble metal/electrolyte 
[204].   
Silver has been suggested as a potential cathode catalyst, particularly for micro-SOFCs 
or intermediate temperature SOFCs (IT-SOFCs) because of its good electrical conductivity, 
catalytic effect on oxygen dissociation and the high solubility and mobility of oxygen 
within the bulk [199]. Based on the mechanism of oxygen reduction at the cathode and the 
mechanism of oxygen surface exchange on the electrolyte, the oxygen dissociation and 
incorporation process at the surface of silver and the interface of silver/La2Mo2O9 is 
suggested as below: 1) the adsorption of oxygen molecules occurs on the silver surface and 
the TPB (triple phase boundary)  area; 2) the dissociation of oxygen occurs on the silver 
surface followed by the diffusion of oxygen through the silver bulk to reach the electrolyte 
surface; 3) the incorporation of oxygen occurs at the interface or the TPB area.  
 
5.2.3 Diffusion Profiles  
     The diffusion profiles of the samples which were isotopically exchanged at nominal 
temperatures of 500, 550, 600 and 700˚C have been shown in the previous chapter (Fig 
4.10 (a)). In order to obtain activation energies for oxygen diffusion in the different phases, 
two more diffusion profiles at nominal temperatures of 450 and 650˚C were added and all 
of the diffusion profiles and the fitting curves are illustrated in Fig 5.2, with the inset 
showing the fitting of the two profiles obtained at nominal 450 and 500˚C. Note the 
diffusion lengths of the profiles obtained at nominal 450 and 500˚C are below 100 µm, 
which means the relatively large primary ion beam size could affect the confidence in the 
calculated D* and k (more details discussed in Appendix I).  It is apparent that the oxygen 
diffusion length increases with increasing temperature of isotope exchange, especially 
above 600˚C where the expansion of the La2Mo2O9 unit cell releases more space for 
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oxygen transport [40], the diffusion has been improved dramatically. The actual 
experimental details and the obtained results of all the measurements are listed in Table 5.1. 
Note that the measurements at nominal temperatures of 450˚C and 500˚C were repeated 
and several line scan measurements were taken on each sample. It is clear that the Ag 
coating has enhanced the surface exchange and thus helped to obtain the oxygen diffusion 
profiles even at low temperature (≤ 550˚C) [15].  
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Fig 5.2 The diffusion profiles at nominal temperatures of 450, 500, 550, 600, 650, and 700˚C, with 
the fitting results displayed as solid lines. (The inset – the diffusion profiles at nominal 
temperatures of 450 and 500˚C, showing the fitting qualities) 
 
    As discussed in Chapter 4, Georges et al [15] have reported an elongated tail in the wet 
exchange diffusion profile and therefore applied the Le Claire solution [183] to the fitting 
to incorporate a tailing function. Although there were two possible explanations for this 
tailing behaviour, based on the consistency between the fitting and the profile, the presence 
of grain boundary diffusion was suggested. However, in our work, the dry exchange 
diffusion profiles at all temperatures fitted extremely well to the Crank solution without 
any additional tailing function. This apparent difference in the diffusion behaviour of 
La2Mo2O9 implies that the previously reported tailing behaviour could be an experimental 
artefact due to the slow cooling used in the wet exchange while in the current study, 
sample quenching was applied to minimize the effect of diffusion during cooling. The 
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synthesis and processing method detailed in the previous publication and the current work 
is nominally the same and therefore the possibility of the effect of microstructure on the 
diffusion profile can be eliminated. However, these potential differences between the dry 
and wet exchanges e.g. the existence of the grain boundary diffusion in the wet exchange, 
requires further work. It is clear that under dry conditions, no tailing was observed in this 
series of samples. 
 
Table 5.1 Experimental details and kinetic parameters determined from La2Mo2O9 samples as a 
function of temperature. The value of h’ is included as a reliability factor 
Exchange Temp (˚C) 
Nominal/Measured 
Exchange 
Time (s) 
D* 
(cm2 s-1) 
k 
(cm s-1) 
h’  
(= k(t/D*)0.5) 
450/447 
 
450/459 
1810 
 
2400 
4.8×10-10 
4.9×10-10 
5.2×10-10 
4.8×10-10 
7.5×10-10 
7.0×10-10 
3.1×10-8 
2.9×10-8 
2.3×10-8 
2.6×10-8 
4.6×10-8 
5.2×10-8 
0.060 
0.056 
0.049 
0.058 
0.082 
0.096 
500/500 
 
500/502 
1200 
 
1800 
1.6×10-9 
1.4×10-9 
1.4×10-9 
1.4×10-9 
1.8×10-9 
2.7×10-9 
1.2×10-9 
1.0×10-9 
4.8×10-8 
5.5×10-8 
7.3×10-8 
4.6×10-8 
8.1×10-8 
1.2×10-7 
7.8×10-8 
5.5×10-8 
0.042 
0.051 
0.083 
0.052 
0.081 
0.098 
0.096 
0.074 
550/550 1200 6.0×10-9 
6.1×10-9 
2.8×10-7 
3.0×10-7 
0.125 
0.133 
600/596 1200 6.7×10-8 
1.6×10-7 
7.9×10-7 
7.1×10-7 
0.106 
0.062 
650/651 1827 2.1×10-7 
2.1×10-7 
1.9×10-7 
4.2×10-7 
4.4×10-7 
4.1×10-7 
0.039 
0.041 
0.040 
700/698 1800 2.4×10-7 
2.6×10-7 
4.0×10-7 
2.4×10-7 
8.1×10-7 
7.8×10-7 
0.021 
0.068 
0.052 
* Note: k is the surface exchange coefficient for the La2Mo2O9 surface modified by the silver 
coating. Hence h’ is shown only to indicate the reliability in the estimation of both D* and k. 
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The measured diffusion and surface exchange coefficients are listed in Table 5.1. Two 
significant figures are presented for both D* and k considering the 10% error introduced by 
the measurement (as discussed in Appendix I). The error bars on D* values are estimated as 
introduced in Appendix I and are presented in Fig 5.3. Because of the surface modification 
by the silver coating, the obtained surface exchange coefficient, k, deduced from the fitting 
of the diffusion profile using non-linear least squares fitting, is not characteristic of the 
La2Mo2O9 surface. A dimensionless parameter h’ = k(t/D*)0.5 is introduced to indicate the 
level of confidence in the estimation of D* and k.  Ideally, the diffusion anneal should be 
tailored to give h’ values in the range of 0.1~4.0 so that the obtained diffusion profiles can 
yield reliable values of both D* and k [181]. The low value of h’, in our case, is due to the 
small surface isotopic fraction, which is often found in fast oxygen ion conductors in 
which surface exchange is slow in comparison with diffusion. The fact that h’ is less than 
0.1 indicates that the confidence in the D* measurement could be reduced [123].  
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Fig 5.3 Arrhenius plot of the diffusion coefficients for the prepared La2Mo2O9, with the previously 
reported values as a comparison [15]. The error bar on each data point represents the error 
introduced by the measurement, and the data scattering shows the possible range of the real value 
 
The diffusion coefficients are also plotted in Fig 5.3 along with the previously reported 
diffusion coefficients as a comparison. There is an obvious jump of about one order of 
magnitude in the diffusion coefficient values when the exchange temperature was 
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increased from 550˚C to 600˚C in which temperature range the α-β phase transition is 
reported to occur. The reported diffusion coefficients are higher than those obtained in this 
work, which might be a result of chemical differences in the materials. However, the data 
trend suggests a significant difference between the activation energy for the two data sets. 
For the data points within the temperature range 600~700˚C, the activation energy is found 
to be 0.66 (± 0.09) eV, while the value for the low temperature range (450~550˚C) is 1.25 
(± 0.01) eV. However, due to the data scattering, the confidence in the obtained activation 
energy is reduced. The activation energy from the previously reported data [15] at high 
temperature is 1.11 (± 0.16) eV, while there is not enough data to compare in the low 
temperature range. This difference in the activation energy may reflect the differences 
between the two exchange methods. As the silver coating only modifies the surface 
exchange process and is not expected to have any effect on the bulk diffusion coefficient, it 
is more likely that the diffusion coefficient is affected by the wet exchange atmosphere and 
therefore the activation energy of oxygen diffusion is influenced as well. The lower 
activation energy at high temperature indicates that the energy barrier for oxygen transport 
is smaller, which is probably due to the open crystal structure of β-La2Mo2O9 [40].  
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Fig 5.4 Diffusion profiles of La2Mo2O9 recorded after exchange at 795, 848 and 893˚C, indicating 
the relatively low surface fraction of 18O 
 
However, the high volatility of silver restricts its application at high temperature [208]. 
La2Mo2O9 samples with silver coating were exchanged at higher temperatures, 795, 848 
and 893˚C. The depth profiles on the sample surface showed that the surface isotopic 
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fraction was so low that diffusion profiles could not be obtained, as shown Fig 5.4. We 
believe that the 18O exchange at these elevated temperatures was surface limited, 
suggesting that the silver coating on the surface might have been damaged, thus reducing 
the overall surface exchange kinetics.  
 
5.2.4 Stability of Silver coating 
As discussed above, the reason for the slow surface exchange kinetics at high exchange 
temperatures is that the coating was deactivated through the loss of silver. Literature 
reports discussed that the loss of silver by evaporation at 800˚C was almost seven times the 
loss at 750˚C and about 40 times the loss observed at 700˚C [208]. Another possibility is 
that there might be reaction of the Ag coating with La2Mo2O9. In this work, XRD was 
employed to investigate the surface of the samples, with the XRD patterns shown in Fig 
5.5.  
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Fig 5.5 XRD patterns of the silver coated samples isotopically exchanged at (a) 550˚C and (b) 
848˚C, with the silver XRD diffraction lines indicated in red  
 
It is clear that at low temperature, the surface silver coating remained after the sample 
was exchanged at 550˚C, while there was little silver left after the sample was exchange 
annealed at a high temperature of about 848˚C. This corresponds well with the diffusion 
profiles found for the low (≤ 700˚C) and high temperatures (≥ 800˚C). There were no 
impurity peaks in both diffraction patterns, which suggests that there was no detectable 
reaction between silver and La2Mo2O9 despite the relatively high anneal temperature of 
about 800˚C. However, taking into consideration the detection limit of the XRD technique, 
we have to leave the question open of whether there is any amalgam ie Ag/(La or Mo), 
reactivity between Ag and La2Mo2O9 or amorphous silver on the surface. Moreover, the 
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thickness of the silver coating might have some effects on the surface chemical stability of 
silver, as discussed in Appendix II. In this work, the silver coating deposition conditions 
were maintained the same and therefore it is suggested that there was no reaction between 
the silver coatings and La2Mo2O9 on all of the samples. 
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Fig 5.6 The morphology (total ion image) of the silver coating after exchange at 700˚C for 30 mins, 
and the locations of the craters on (1-13) and off (1’-13’) the Ag “islands” after the mass spectra 
were obtained using FIB-SIMS 
 
The agglomeration of silver as a function of temperature has been studied previously 
[209, 210] and was found to redistribute itself to form a network of silver “islands” during 
heating at low temperature. The morphology of the silver coating after exchange was 
studied using FIB-SIMS. The agglomeration of silver is obvious, as shown in Fig 5.6. 
From the following mass-spectra on the agglomerations and on the area between the 
“islands”, as shown in Fig 5.7, it is clear that the “islands” on the surface are assigned to 
silver, with the two high mass peaks at m/e of 107 and 109. On the area without silver 
agglomerations, the composition is mainly La2Mo2O9 with a very low concentration of 
silver.  
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Fig 5.7 Positive ion mass spectra obtained from La2Mo2O9 samples both on and off the silver 
“islands” on the sample surface illustrated in Fig 5.6 after exchange 
 
SEM was used to image the surfaces of the samples after exchange to observe the silver 
morphology. In Fig 5.8, it is clear that after the sample was heat-treated, the silver formed 
a network of “islands” on the surface. A possible reason for this is that the silver tends to 
separate into islands to minimize the surface energy of the ceramics [210, 211] because of 
the non-wetting behaviour of Ag. This type of silver network played a positive part in the 
oxygen surface exchange due to the enlarged TPB area. However, the island coverage 
became smaller with the increase of the temperature. The coverage estimated from the 
threshold process of the SEM image is around 40% for samples exchanged at 500, 600 and 
700˚C. The coverage decreased to about 25% for the sample exchanged at 800˚C. For the 
highest temperature, 900˚C, shown in Fig 5.8 (e), the silver agglomeration coverage is less 
than 10% and the distribution changed into a regular pattern along the grain boundaries. 
The decreased silver coating coverage would explain the low surface fraction of 18O 
observed in the diffusion profiles for the samples annealed at higher temperatures. The FIB 
technique was applied to investigate a section of a silver particle at the grain boundary. The 
result (inset of Fig 5.8) appears to exclude the possibility of the silver particles diffusing 
into the grain boundaries, which means the loss of silver at elevated temperature is likely to 
be a result of silver evaporation from the surface. 
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(a)                                                                            (b) 
  
(c)                                                                            (d) 
 
(e) 
Fig 5.8 Secondary electron SEM images of the silver-coated surface after exchange at the nominal 
temperature of (a) 500˚C (b) 600˚C (c) 700˚C (d)800˚C and (e) 900˚C (the inset is the section 
image of a silver particle along the grain boundary using the FIB instrument)  
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5.3 Effects of Silver Coating on Oxygen Surface Exchange 
5.3.1 Correlation of Silver and Oxygen Incorporation    
3D TOF-SIMS depth profiles were acquired on a sample that had been exchanged at a 
nominal temperature of 700˚C (the measured temperature was 698˚C) in order to 
investigate the influence of silver on the oxygen exchange and its distribution across the 
surface. An area of 300×300 µm2 was sputter cleaned using a 2 KeV Cs+  ion beam with a 
current of 120 nA for cleaning prior to a smaller area of 100×100 µm2 being analyzed 
using a Bi1+ beam with a current of 0.05 pA and in burst mode to achieve high lateral 
resolution, as shown in Fig 5.9. The track within the selected area is believed to be a 
scratch on the surface, and the reason for choosing this area is that the silver coating was 
damaged during the sample preparation after the exchange, therefore the silver islands are 
more likely to remain untouched within the track, making it a useful region for studying 
the relationship between oxygen and the silver coating.  
In Fig 5.9 (b), the LaO2+ and MoO2+ images show a uniform lateral surface element 
distribution and thus confirm the homogeneity of the prepared La2Mo2O9 sample. Carbon, 
chlorine, and phosphorus contamination are evident from these maps and are probably 
remnants of the mounting resin and the polishing media. Of significance is the strong 
relationship between 18O and Ag. Despite the damage to the silver coating during the 
polishing, the positions of the silver particles left in the track are consistent with the 18O 
enriched area. This phenomenon was confirmed by the correlation analysis (3-colour-
overlay) of three TOF-SIMS maps representing the Ag, 18O and C distribution, as can be 
seen in Fig 5.9 (c). Carbon is mostly located in the open pores on the surface, which is, as 
mentioned above, a result of the resin used for sample mounting and polishing.  
From the 3D data stream, the depth profiles of 18O and 16O can be retrieved for both the 
18O enriched and the less enriched areas, as shown in Fig 5.10. The depth profiles showed 
that in the 18O enriched area (the area with Ag), the 18O relative fraction is twice as high as 
that in the poorly enriched area. This relatively high isotopic fraction could be assigned to 
dissolved oxygen in silver [212]. 
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  (a) 
    
                
   (c) 
Fig 5.9 TOF-SIMS data of a silver coated sample exchanged at 698˚C (a) optical image of the 
selected area for depth profiling; (b) the corresponding secondary ion images of different clusters 
including 16O, 18O, Ag, LaO2, MoO2, and the most likely impurities; (c) correlation analysis (3-
colour-overlay) of Ag, 18O and carbon 
sputtered area (300×300 μm2)
Field of View: ~750 x 850 µm2
analysed area (100×100 µm2)
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Fig 5.10(a) Depth profiles were obtained in the blue (reference) and green areas (rich in 18O); (b) 
Oxygen isotopic fraction in 18O enriched area compared with the ratio in the poorly enriched area 
     
3D depth profiling has therefore identified some issues regarding the isotope exchange 
of La2Mo2O9 in the near-surface layers. On a larger scale, however, the element mapping 
results for 16O and 18O over an area of 500×500 µm2 of a cross section of the sample 
exhibits satisfactory uniform oxygen diffusion along the depth direction, as shown in Fig 
5.11. These profiles have been obtained by summing the intensity as a function of distance 
within the chosen area of the mapping image. From this treatment, the obtained diffusion 
coefficient was determined to be 4.7×10-7 cm²·s-1, which agrees well with the value already 
determined from the line scanning technique and therefore reaffirms the validity of the 
obtained diffusion coefficients. This also indicates that the surface phenomena involving 
the Ag catalysis did not have a significant effect on the diffusion profile. 
 
Chapter 5 Application of Silver Coating in Oxygen Isotope Exchange and Diffusion Measurement in 18O2 
 
 - 121 - 
Co
u
n
ts
 
(ar
bi
.
 
u
n
it)
Diffusion length (500 µm)
 
Fig 5.11 (a) 16O mapping image; (b) 18O mapping image; (c) The profiles of 16O and 18O generated 
by summing up the intensity of all line scans in the chosen area in the mapping 
 
5.3.2 Patterned coatings 
A sample was coated with small silver squares of about 1 mm by 1 mm on the surface, 
as illustrated in Fig 5.12, and was exchanged at 650˚C for 30 mins in 18O2. Two depth 
profiles were collected with the TOF-SIMS instrument at area A and B respectively. The 
results are shown in Fig 5.13. An area of 300×300 µm2 was sputter cleaned using a 2 KeV 
Cs+  ion beam with a current of 180 nA for cleaning followed by a smaller area of 120×120 
µm2 being analyzed using a Ga+ beam with a current of 1 nA in each area.  
 
 
Fig 5.12 Schematic of the sample coated with silver squares (A, B and C represent different areas 
on the sample) 
 
The 18O relative fraction in the area without Ag is close to the natural abundance and the 
profile is similar to that from La2Mo2O9 without an applied silver coating exchanged in a 
dry atmosphere as previously described in section 5.2.1, which indicates that the silver 
coating only affects the surface beneath it. The isotopic fraction in area B is much higher 
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than the natural abundance, which implies the enhancement of oxygen surface 
incorporation by the silver coating. 
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Fig 5.13 The 18O depth profiles in area A (on the left) and area B (on the right) 
 
 
Interface between Ag/La2Mo2O9
Ag
La2Mo2O9
Crater     
area B
Crater   
area A
Interface Region
 
(a) (b) 
Fig 5.14 Images of interface between Ag and La2Mo2O9, showing the Ag coated and uncoated 
regions on the sample (a) the optical image obtained using the TOF-SIMS optical camera, with two 
craters of depth profiling in area A and B indicated and the square in the centre is the intended 
area for surface imaging analysis (b) secondary electron image obtained using FIB  
 
    The interface region of the silver square was investigated, as shown in Fig 5.14. The 
image on the left is the optical image obtained using the optical camera on the TOF-SIMS 
instrument and the one on the right was obtained on the FIB instrument showing the 
morphology of the interface region between the silver coating and La2Mo2O9. The 
interface is not quite clear because of the reformation of the silver layer. Therefore, an 
interface region band is applied on the image to demonstrate the interface between Ag and 
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La2Mo2O9. Although there are still some silver particles distributed in the interface region, 
from the previous study, the area with only a small amount of silver is less likely to exhibit 
a high oxygen isotopic fraction. 
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Fig 5.15 Surface imaging of the Ag/La2Mo2O9 interface (with arrows indicating the interface) for 
107Ag, 98MoO2, C species respectively (top row) and 18O, O2, Cl species respectively (bottom row). 
The intensity is referred to the indicator on the right.  
 
Surface element mapping was carried out in the area across the interface region which is 
indicated in Fig 5.14(a), as displayed in Fig 5.15. After raster cleaning an area of 400×400 
µm2, surface maps were acquired from an area of 250×250 µm2. From these images, it was 
evident that there existed a clear interface region between the silver coating and the 
La2Mo2O9. Chlorine, present as an impurity, is correlated with the silver coating and could 
have been introduced during the sample processing. The carbon impurity is mainly 
correlated with La2Mo2O9 which is likely to be introduced during the polishing. The 18O 
distribution is closely related to the silver coating, as indicated by the arrows at the 
interface region. Although it is known that there is a small amount of oxygen dissolved in 
silver, the 18O distribution shows a smooth descending trend from the interface to the area 
without silver, which differs from the silver distribution. 
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Fig 5.16 Extracted line scan profile of 18O relative fraction generated by summing up the intensity 
of all line scans in the chosen area as illustrated on the right. (top right – 18O mapping image; 
bottom right – 107Ag mapping image across the interface region (area – 250×250 µm2)) 
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Fig 5.17 Extracted line scan profile of 18O relative fraction generated by summing up the intensity 
of all line scans in the chosen area as illustrated on the right. (top right – 18O mapping image; 
bottom right – 107Ag mapping image across the interface region (area – 240×240 µm2) 
 
The 18O relative fraction profile was extracted from the surface imaging results, as 
displayed in Fig 5.16, with the interface region as indicated in the plot. It is apparent that 
even though the silver coating is not supposed to enhance the surface isotopic fraction from 
the interface region to the electrolyte area, the isotopic fraction is higher than the natural 
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abundance, exhibiting a descending profile to the background, 0.2%. This is a result of 
diffusion from the electrolyte under the silver square to the uncoated electrolyte due to the 
isotopic fraction gradient [206]. 
However, another line scan profile across the interface region, shown in Fig 5.17, is 
slightly different in the isotopic fraction and the shape of the profile. Considering the 
difference in the interface position and the isotopic fraction in the middle of the Ag square 
of about 0.02 which was obtained before, as well as the decreasing size of silver “islands”, 
it is suggested that the surface exchange is also dependent on the silver island size and 
coverage. With the silver coverage becoming lower near the interface, the enhancement of 
oxygen surface exchange is also decreasing. Therefore, at the interface, the isotopic 
fraction is influenced by both the bulk diffusion in La2Mo2O9 from beneath the silver 
coating but also the small amount of surface exchange due to the residual silver on the 
surface, as demonstrated schematically in Fig 5.18. However, due to the silver reforming 
on the surface, it is difficult to investigate the surface incorporation enhancement at the 
TPB area.  In order to understand the active sites under the silver coating, it is suggested 
that a silver wire mesh pattern electrode is applied to the electrolyte by attaching it on the 
substrate and heating at high temperature [204], and the active sites are investigated after 
removing the mesh after isotopic exchange anneal.  
 
La2Mo2O9
Ag
18O
18O
 
Fig 5.18 Schematic of oxygen surface exchange and diffusion at the interface region between the 
silver coating and La2Mo2O9, illustrating that the surface oxygen isotopic fraction is influenced by 
both the bulk diffusion in the electrolyte and the surface exchange at the interface region 
 
The blocking effect of gold was also investigated. A sample was coated with silver 
stripes with a gold layer on top of them, as shown in Fig 5.19. The depth profiles were 
obtained at two different areas, A and B, which are highlighted in the figure. A larger area 
was sputter cleaned using a Cs+ ion beam of 2 KeV followed by the depth profile using a 
Ga+ primary ion beam of 25 KeV over each area of 100×100 µm2. The results are 
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displayed in Fig 5.20 which shows an isotopic fraction of natural abundance in area A and 
a value in area B close to the background, which suggests the blocking effect of the gold 
layer. Obviously, the gold coating does not have any effect on the surface exchange, and 
because of the low diffusivity or the low solubility of oxygen in the gold, the ion diffusion 
path through silver is blocked. The blocking effect of gold is consistent with previous 
reports [204, 206].  The slight increase in the isotopic fraction in area B is suggested to be 
attributed to the minor oxygen exchange at the interface regions between the coated and 
uncoated areas.  
 
 
Fig 5.19 Schematic of the sample coated with Ag and Au stripes (Au on top of Ag) 
(A and B present different areas of the sample surface) 
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Fig 5.20 Depth profiles of 18O relative fraction collected at area A and B respectively 
 
5.4 Discussion 
    It is apparent from the results presented above that the silver coating plays an important 
part in surface oxygen incorporation enhancement in La2Mo2O9. The close correlation 
A 
B 
Chapter 5 Application of Silver Coating in Oxygen Isotope Exchange and Diffusion Measurement in 18O2 
 
 - 127 - 
between the formed silver “islands” and oxygen incorporation on the surface has been 
observed.  
For oxygen-silver surface interaction, a mechanism has been previously proposed: 1) 
physisorption of O2; 2) a molecularly chemisorbed state, a precursor state for oxygen 
dissociation with an electron transfer involved; 3) transfer from O2- to O22-, leading to 
oxygen dissociation [213]. Then the oxygen species reach the silver-La2Mo2O9 interface 
either through diffusion in the silver bulk or at TPB areas. Studies of the silver-YSZ 
system have suggested that the chemical potential force at the interface is the driving force 
for the dissolved oxygen in the silver bulk pulled to the silver/YSZ interface. The depletion 
of oxygen at the interface therefore provides a driving force for oxygen molecules 
adsorbed and dissociated on the silver surface [212]. If the oxygen incorporation at the 
interface is limited, oxygen species are dissolved in the silver bulk which are also called 
“electroactive” oxygen. They can accumulate in large quantities in the bulk without 
changing the electroneutrality. Moreover, according to the structural conditions of the 
silver lattice, atomic oxygen fits perfectly into the octahedral holes so that dissolution is 
possible without changing the atomic distance and lattice properties [214]. Therefore, in 
the case of oxygen isotope exchange, it is believed that the dissolved oxygen species 
account for the high isotopic fraction in the silver “islands”. Further work is required to 
understand more about the mechanism of enhancement of surface exchange by silver 
coating on electrolytes. 
Another important factor is the stability of the silver film. Firstly, the silver coating 
exhibits reformation and agglomeration during heating, leading to silver “islands” and 
voids distributed on the surface. The agglomeration is dependent on the thickness of the 
silver film, as suggested by previous studies [210, 211]. At high temperature, the silver 
layer also suffers from evaporation loss, affecting the coverage of silver which has a 
significant influence on surface oxygen exchange enhancement. On the other hand, the 
chemical stability of silver is critical in applying the silver coating on the electrolyte 
materials in oxygen surface exchange and diffusion measurements. In the investigated 
samples, there is no obvious composition change even if the exchange temperature was as 
high as 900˚C. However, from the morphology of silver agglomerates on the surface, the 
silver “islands” appear different from those at low temperature, which might indicate the 
existence of amorphous silver or silver alloy. Moreover, the conditions of silver deposition 
may have effects on its chemical stability as well, as discussed in Appendix II.  
Although the diffusion results imply that the silver coating on the surface has little effect 
on the calculation of oxygen diffusion coefficients, the deep understanding of the surface 
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oxygen incorporation mechanism and silver stability at high temperature is critical in 
applying this technique to other electrolyte materials for oxygen surface exchange and 
diffusion measurements.  
 
5.5 Conclusions 
    In this chapter, the influence of a silver coating on the surface oxygen exchange and 
diffusion of prepared La2Mo2O9 samples has been discussed. It has been proven that a thin 
silver film can enhance the surface oxygen dissociation and thus improve the surface 
exchange coefficient. Therefore, diffusion profiles are obtainable for La2Mo2O9 based 
ionic conductors enabling the diffusion coefficient for such electrolyte materials to be 
obtained. However, because of the silver instability at high temperature, attempts to obtain 
the diffusion profiles at these elevated temperatures were unsuccessful. The diffusion 
profiles obtained did show different features compared with those previously published, 
which were suggested to be due to a grain boundary diffusion effect, suggesting that in dry 
conditions there is no significant grain boundary diffusion for the La2Mo2O9 material.  
Studies of the surface silver morphology showed that with increasing exchange 
temperature, the silver coating underwent a series of changes, from a network of silver 
“islands” at low temperature to a severely damaged silver coating at high temperatures. 
Surface analysis using TOF-SIMS indicated that the oxygen dissociation and exchange 
were closely related to the silver islands, which is probably due to the oxygen diffusion and 
dissolution in silver. However, the diffusion profile extracted from elemental mapping 
showed the surface phenomena did not have a significant effect on the diffusion profile. 
The experimental work also reveals the oxygen surface exchange at the silver/La2Mo2O9 
interface region and the blocking effect of gold coatings on the oxygen surface exchange. 
Based on these results, the mechanism of the surface exchange reactions and the effects 
of silver coatings on the diffusion and surface exchange of La2Mo2O9 ionic conductor 
require further investigation.  
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Chapter 6   
Effects of Humidified Atmosphere  
on Oxygen Surface Exchange and Diffusion in La2Mo2O9 
 
6.1 Introduction 
Isotope exchange and diffusion measurement is an effective method to study surface 
reactions and oxygen transport properties in electrolytes. Studies [215] have shown that for 
pure ionic conductors, however, the surface exchange rate is rather low compared to other 
mixed or electronic conductors, which restricts oxygen surface incorporation and leads to a 
low isotopic fraction even though the oxygen diffusivity is quite high in the bulk. 
Therefore, the extremely low surface isotopic fraction will give rise to a long flat diffusion 
profile, leading to a severely reduced confidence in the measurement of D*. In the previous 
chapter, we have discussed the introduction of a silver coating on the electrolyte to 
enhance the surface oxygen exchange. Another method to improve the surface exchange 
kinetics on electrolytes is to introduce a humidified atmosphere, which means performing 
the oxygen isotope exchange experiment in H218O vapour. It has been highlighted [171] 
that the wet atmosphere plays an important role in affecting the surface oxygen exchange.  
In Chapter 5, we discussed the difference between the diffusion profiles obtained in dry 
18O2 gas and the previously reported data [15] obtained in H218O, which might indicate the 
difference between the two exchange atmospheres. Moreover, whether the existence of fast 
grain boundary diffusion is a specific phenomenon in a wet atmosphere requires further 
studies. In this chapter, studies are focused on oxygen surface exchange and transport in 
La2Mo2O9 in a wet atmosphere. The results are compared with those obtained in the dry 
atmosphere and the effects of humidified environment on surface reaction and oxygen 
transport properties are investigated.  
Interaction between water molecules and oxide ceramics is considered as well, not only 
to understand the surface exchange enhancement, but also to investigate the effects of 
humidified atmosphere on electrolytes. Proton conductivity has been found in many oxides 
in the presence of water vapour or hydrogen at high temperatures [216].  La2Mo2O9 has 
also been reported to be a good proton conductor when the temperature is below 550˚C 
[134]. Therefore, interest is also focused on whether proton conduction exists in La2Mo2O9 
under these conditions.  
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6.2 Isotope Exchange and Diffusion in H218O 
6.2.1 Diffusion Profiles 
La2Mo2O9 samples were exchanged in H218O vapour at different temperatures. The 
obtained diffusion profiles are displayed in Fig 6.1. We can see that the surface isotopic 
fraction becomes lower with the increase of the exchange temperature due to the increased 
diffusivity, which means at low temperatures (≤ 550˚C) the oxygen surface exchange 
process is a rate limiting process. Similar to the diffusion profiles obtained in dry 
atmosphere, the diffusion length is increasing with the increase of the exchange 
temperature, especially when the temperature is higher than 550˚C where the crystal 
structure changes to the β phase.  
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Fig 6.1 Diffusion profiles of La2Mo2O9 obtained in H218O vapour at different temperatures of 455, 
499, 545, 605, 700 and 790˚C, with the fitting results displayed as solid lines (Inset – the diffusion 
profiles at temperatures of 455 and 499˚C) 
 
The good fits to Crank’s solution to Fick’s law for the diffusion profiles shown in Fig 
6.1 imply that there was no obvious grain boundary tailing in the prepared La2Mo2O9, 
although the possibility that a different exchange atmosphere may affect the grain 
boundary behaviour was suggested as further investigation in the previous chapter. Hence 
the previously reported grain boundary tailing [15] is likely due to an experimental artefact.  
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6.2.2 Comparison between Dry and Wet Exchange  
6.2.2.1 D* and k  
The experimental details of the dry and wet exchange and the calculated D* and k at 
each temperature are listed in Table 6.1. The results from dry exchange are adapted from 
Table 5.1 by presenting the average value with the standard deviation.  
 
Table 6.1 The experimental details of isotope exchange in 18O2 and H218O respectively, and the 
deduced D* and k values 
Exchange  
Temp (˚C) 
Exchange 
Time (s) 
D* 
(cm2·s-1) 
k 
(cm·s-1) 
Dry atmosphere (18O2) 200 mbar 
447 1810 4.9 (± 0.1)×10-10 3.0 (± 0.1)×10-8 
459 2400 6.1 (± 1.3)×10-10 3.7 (± 1.4)×10-8 
500 1200 1.5 (± 0.1)×10-9 5.2 (± 0.5) ×10-8 
502 1800 1.6 (± 0.6)×10-9 7.6 (± 2.6)×10-8 
550 1200 6.1 (± 0.1)×10-9 2.9 (± 0.1)×10-7 
596 1200 1.1 (± 0.7)×10-7 7.5 (± 0.6)×10-7 
651 1827 2.0 (± 0.1)×10-7 4.2 (± 0.2)×10-7 
698 1800 3.0 (± 0.9)×10-7 6.1 (± 3.2)×10-7 
Wet atmosphere (H218O) 60 mbar (with 200 mbar 16O2 carrying gas) 
455 1700 2.1 (± 0.2)×10-10 6.8 (± 5.5)×10-7 
459 2280 1.3 (± 0.2)×10-9 3.3 (± 0.9)×10-6 
545 2130 4.6 (± 1.2)×10-9 2.1 (± 0.2)×10-6 
595 1800 6.7 (± 1.7)×10-8 1.4 (± 0.5)×10-5 
605 2100 3.9 (± 0.5)×10-8 5.2 (± 1.8)×10-6 
700 1800 2.3 (± 0.4)×10-7 1.3 (± 0.5)×10-5 
790 1217 5.1 (± 0.1)×10-7 5.0 (± 0.1)×10-6 
 
By comparing the diffusion profiles from wet exchange in Fig 6.1 and those from dry 
exchange in Fig 4.10 (a) and Fig 5.2, it is clear that the surface isotopic fraction at each 
temperature in wet exchange is much higher than in dry exchange at the corresponding 
temperature, which is also indicated in Fig 6.2. This is suggested to be a result of the fast 
oxygen dissociation and incorporation on the surface in a wet atmosphere which is also 
indicated by the high surface exchange coefficients presented in Table 6.1. We have to 
note that in the samples exchanged in water vapour, the isotopic fraction on the surface 
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showed some anomalies. The isotopic fraction on the surface was very high but fell 
quickly before reaching a steadily declining trend. The isotope enriched surface layer was 
excluded from the line scan measurement in these experiments. The start value of the 
steadily declining trend was taken as the surface isotopic fraction, which is also the starting 
isotopic fraction in the line scan. The effects of this surface layer will be discussed in the 
next section.  
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Fig 6.2 The normalized surface isotopic fraction, C0, as a function of h’ = k(t/D*)0.5. The solid line 
is the theoretical relationship for diffusion into a semi-infinite specimen and the data points are the 
starting isotopic fractions in all of the diffusion profiles 
 
    In oxygen isotope exchange and diffusion measurement, apart from the diffusion length 
which could lead to errors in depth profiles or line scans, the shape of the diffusion profile 
is also significant to make sure the derived D* and k are reliable. Fast diffusion in some 
oxygen ionic conductors can contribute to a long flat oxygen penetration profile, which is 
problematic for estimation of both D* and k; on the other hand, if the surface isotopic 
fraction is close to the isotopic gas concentration, it may cause low confidence in the 
obtained surface exchange coefficients [181]. Ideally, the surface isotopic fraction should 
be around 0.5 to keep the estimated D* and k in the reliable region [123].  The 
dimensionless parameter h’ = k(t/D)0.5, as introduced in last chapter, is normally introduced 
to indicate the level of confidence in the calculated D* and k and should be adjusted to the 
region of 0.1~4 to give a diffusion profile which will yield reliable D* and k. The 
correlation between relative surface isotopic fraction and h’ parameters calculated from 
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each diffusion profile in both dry and wet exchange are displayed in Fig 6.2. The 
theoretical relationship between these two factors should follow: 
)'()'exp(1 20 herfchC −=                                           Eq 6.1 
which is derived from  (3.32) when x = 0. As seen in Fig 6.2, for wet exchange, most of the 
data points followed the theoretical line and are in the region of 0.1~4, which means the 
measured D* and k are both reliable. For dry exchange, the h’ values are in the region of 
0.05~0.15 with the surface isotopic fraction below 0.1, which means the surface exchange 
is relatively low and the confidence in the obtained D* could be reduced. 
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Fig 6.3 Arrhenius plot of oxygen diffusion coefficients of La2Mo2O9 measured in dry (18O2 gas) and 
wet (H218O vapour) atmosphere respectively, compared with the previously published data [15]. 
95% confidence bands of linear fitting are displayed for the data sets in this work. 
   
The Arrhenius plot of oxygen diffusion coefficients in both dry and wet exchange is 
shown in Fig 6.3. The standard deviations are shown as error bars, indicating the scattering 
region of the measured results. The phase transition in both sets of data is obvious, with the 
diffusion coefficient being increased by almost 1.5 orders of magnitude. The oxygen 
diffusion coefficients in wet exchange appear to be lower than those in dry exchange which 
have been presented in the previous chapter. For wet exchange, the activation energy for 
diffusion at high temperatures (550~800˚C) is found to be 0.99 (± 0.18) eV, and the value 
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for alpha phase at low temperatures (450~550˚C) is 1.75 (± 0.14) eV. The differences in 
the diffusion coefficients and the activation energy (the activation energies of La2Mo2O9 in 
different temperature regions in dry atmosphere have been presented in Chapter 5) suggest 
that the exchange atmosphere has some effects on oxygen transport properties in 
La2Mo2O9. The results are also compared with the reference data obtained in wet exchange 
in La2Mo2O9. Although there is a decrease in D* in this work, which could be a result of a 
chemical difference in the prepared materials, the activation energy of the previously 
reported data, which is 1.11 (± 0.06) eV,  is similar to the value in the wet exchange in our 
work, indicating the existing difference between dry and wet exchange. However, 
considering the 95% confidence band in the linear fitting, the difference may not be 
significant. Further studies are needed to obtain more data points to investigate the 
difference between dry and wet exchange.  
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Fig 6.4 Arrhenius plot of oxygen surface exchange coefficients of La2Mo2O9 measured in dry (18O2 
gas) and wet (H218O vapour) atmosphere respectively, compared with the previously published 
data [15]. (Standard deviations are shown as error bars; lines are only shown to reflect the trends) 
 
Fig 6.4 presents the surface exchange coefficients from both dry and wet exchanges. 
Standard deviations are shown in the plot as error bars, processed in the same way in 
which we calculated the standard deviations for the diffusion coefficients. We have to note 
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here that, for samples exchanged in dry atmosphere, each sample surface was coated by a 
thin silver film of about 100 nm thickness to enhance the surface oxygen exchange. Hence, 
the surface exchange coefficient is only a value to indicate the surface property of 
La2Mo2O9 modified by the silver coating. For wet exchange, the k values are consistent 
with those in reference [15]. The standard deviation is relatively large to obtain reliable 
activation energy for oxygen surface exchange, but it is likely that the surface exchange 
process is not affected by the exchange temperature significantly when the material exists 
as the beta phase. The plot also indicates that the surface exchange is probably related to 
the exchange atmosphere. Sakai et al [171] have demonstrated that the surface exchange 
rate increased with water vapour pressure. However, when the material transforms to the 
alpha phase after the temperature is decreased to below 580˚C, a decreasing trend in k is 
noticed, which means the activation energy for the surface exchange process is much 
higher than it is when the material is in the form of β-La2Mo2O9.  
 
6.2.2.2 Correlation between D* and σ 
Oxygen diffusion coefficients reflect oxygen transport in the material while the ionic 
conductivity is another important property to indicate oxygen ion movement. The 
correlation between the two can be built upon the Nernst-Einstein relation which correlates 
ion diffusivity and mobility, as discussed in Chapter 3. The correlation between D* and 
conductivity in La2Mo2O9 is shown in Eq (3.38).  
From this relation, the charge carrier concentration in the lattice structure can be 
estimated. Fig 6.5 compares the conductivity from AC impedance measurements and the 
value calculated from oxygen diffusion coefficients. Note the bulk conductivity is used 
instead of total conductivity because the diffusion is mainly from the contribution of bulk 
diffusion. The charge carrier concentration is estimated to be 5 per unit cell, close to the 
number of oxygen ions on the O3 site, 4.6, in the La2Mo2O9 structure [45].  There may be 
contributions from oxygen ions on O2 sites as well because in La2Mo2O9, all the oxygen 
ions on O3 positions are thought to be involved in oxygen ion transport while some oxygen 
ions on O2 positions also contribute to the total ionic conductivity [46]. The conductivities 
calculated from diffusion coefficients from dry exchange are consistent with the values 
measured by AC impedance spectroscopy, while the conductivities from wet exchange are 
slightly lower, which might also indicate the effects of humidified atmosphere on oxygen 
ionic conductivity.  
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Fig 6.5 Correlation between the oxygen diffusion coefficient and the measured bulk ionic 
conductivity from AC impedance method for La2Mo2O9 
 
For dry exchange, the advantage over wet exchange is that in an 18O2 exchange 
atmosphere, there are no other species which could be incorporated that will affect oxygen 
transport. The silver coating is believed to have no effect on oxygen diffusion in the bulk. 
However, due to the low stability of silver at temperatures above 700˚C, the maximum 
exchange temperature is limited. Wet exchange in H218O vapour is proven to improve 
surface oxygen dissociation and incorporation efficiently and therefore is employed in the 
isotope exchange and diffusion measurement especially on electrolyte materials to 
overcome the problem of low surface exchange coefficients. Nevertheless, the observation 
of the slight decrease of oxygen diffusion coefficient and the increase of activation energy 
in wet atmosphere in our work seems to imply that the humidified environment may have a 
certain effect on oxygen exchange and diffusion measurements. The work presented above 
suggests that we need to bear in mind the advantages and disadvantages of each exchange 
method and the confidence level in obtained D* and k from the different exchange methods.  
 
6.2.2.3 Conductivity in dry and wet atmospheres 
From what has been discussed above, it is suggested that the oxygen diffusion 
coefficients obtained in a wet atmosphere are slightly lower than those obtained with dry 
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exchange. The difference might indicate some effects from the exchange atmosphere, 
although it is not dramatic.  
In order to investigate the effects of a humidified atmosphere on oxygen transport, 
conductivity of La2Mo2O9 was measured by AC impedance spectroscopy over the 
temperature range of 400˚C to 800˚C in an air flow (dry atmosphere) and in an air flow 
through a water bubbler at room temperature (wet atmosphere) respectively. The H2O 
vapour carried in the air flow was estimated to be 30 mbar. The sample was annealed in the 
humidified air flow for 6 hrs before the impedance measurement. The frequency range of 
the AC impedance measurement was 13 MHz~0.1 Hz, with the voltage amplitude of 50 
mV. 
The total conductivities of La2Mo2O9 in dry and wet air flow are displayed in Fig 6.6. It 
appears that the conductivity in humidified atmosphere is relatively lower than that in dry 
atmosphere. This phenomenon is different from the oxides which exhibit proton 
conduction in wet atmospheres such as La1-xSrxYO3-δ [217] and BaCe1-xMxO3-α (M = Y, Yb, 
Nd, Gd, La) [218]. In these materials, the proton conduction dominates in humidified 
atmosphere so that the total conductivity is increased. The difference might be a result of 
the different structure between the materials with defects introduced by doping and 
La2Mo2O9 in which intrinsic oxygen vacancies are charge neutral. More details will be 
discussed later in this chapter.  
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Fig 6.6 The total conductivities of La2Mo2O9 obtained by AC impedance spectroscopy in dry and 
wet air flow respectively 
 
Fig 6.7 displays the bulk and grain boundary conductivities of La2Mo2O9 in dry and wet 
atmospheres respectively. The bulk conductivity decreases in humidified atmosphere, 
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consistent with the oxygen diffusivity obtained in the earlier section. The calculated bulk 
conductivity from oxygen diffusion coefficients obtained from wet exchange is consistent 
with the measured conductivity in the wet air flow, as is shown in Fig 6.8. However, the 
degradation of grain boundary conductivity in humidified atmosphere is much more 
significant. A possible reason is that the long-term heat treatment led to grain growth 
which might have brought forward a negative influence on the grain boundary conductivity. 
More studies are required to investigate the grain boundary conductivity degradation.  
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           (a)                                                                          (b) 
Fig 6.7 The bulk (a) and grain boundary (b) conductivities of La2Mo2O9 in dry and wet air flow 
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Fig 6.8 Comparison of bulk conductivities from AC impedance in a wet air flow and wet exchange 
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6.2.3 Adsorbed Water Layer on the surface 
As was mentioned earlier, the surface isotopic fractions of the samples exchanged in 
humidified atmosphere can not be used to determine the first data points (at zero depth) of 
the line scan profiles because of the even higher value than the isotopic fraction in the 
H218O exchange atmosphere. Fig 6.9 shows the surface 18O relative fractions of the two 
samples exchanged in H218O at 790˚C and 455˚C. The surface isotopic fraction of the 
sample exchanged at higher temperature is lower than that of the other, which might be a 
result of slower oxygen diffusivity at low temperature. The isotope enriched surface layer 
is suggested to be due to the accumulation of chemi- or physi-adsorbed water [219] or 
dissociated oxygen species [220] in the vicinity of the surface.  
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Fig 6.9 Surface oxygen isotopic fractions of samples exchanged at 790˚C and 455˚C in humidified 
atmosphere 
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Fig 6.10 Oxygen isotope maps of the cross section of the sample exchanged at 790˚C 
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TOF-SIMS was used to obtain surface maps of oxygen isotopes of the samples 
exchanged in H218O at 790˚C and 455˚C. As displayed in Fig 6.10, there is an 18O enriched 
layer of about 15 µm thick from the very surface, with 16O fraction being very low in this 
region. The same phenomenon was found in the other sample, as demonstrated in Fig 6.11. 
However, on this sample which was exchanged at 455˚C, there is also a layer of 16OH from 
the surface, compared to Fig 6.10. There seems to be a surface depletion in terms of 18O, 
exhibiting a layer with higher fraction followed by a layer with much lower fraction then 
the uniform diffusion. The top layer of higher 18O relative fraction could be caused by 
18OH, consistent with the 16OH layer. The 16O fraction is very low in this layer which is 
also of about 15 µm thickness. The surface depletion could be a result of fast surface 
reaction between water molecules and the oxide, leading to lattice oxygen transport 
towards the surface, especially at low temperature (455˚C) when the surface incorporation 
is dramatic as indicated by the high surface isotopic fraction.   
 
18O 16O216OH
167Χ167 µm2
Counts 3.7x105 Counts 2.6x106Counts 3.6x105
15µm
 
Fig 6.11 Surface elemental maps of oxygen isotopes (18O and 16O2) and hydroxyl species (16OH) of 
the cross section of the sample exchanged at 455˚C, illustrating the surface distributions of the 
three species 
 
Therefore, the observed high 18O relative fraction in the depth profile from the surface in 
Fig 6.9 is most likely to be due to the enriched layer. X-ray diffraction (XRD) scans (15 
s/step, 2θ = 10˚~80˚, ∆(2θ) = 0.02˚) were taken on the surfaces of the samples exchanged 
at 790˚C and 455˚C to check the compositions of the materials. No apparent second phase 
peaks were observed in both of the patterns.  
SEM element mapping was also applied at the edge of this sample, as shown in Fig 6.12. 
As is evident from the figure, the elements O, La and Mo are all distributed uniformly, 
which suggests that the surface adsorbed layer does not have a significant influence on the 
composition of the material.  
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mapping area
   
    (a)                                                                          (b) 
   
    (c)                                                                   (d) 
Fig 6.12 Element mapping of the La2Mo2O9 sample exchanged in H218O at 455˚C (a) Electron 
image; (b) O Kα1; (c) Mo Lα1; (d) La Lα1 (Kα1 and Lα1 are the X-ray emission lines) 
 
   It is important to extract the appropriate first data point in the line scan profile, in order 
to exclude the effects from the surface enriched layer.  Fig 6.13 presents an example which 
is a line scan profile extracted from the surface mapping on TOF-SIMS. The profile starts 
from the edge of the sample cross section. It is clear that the surface isotopic fraction is 
very high and decreases quickly before reaching a steadily descending trend. However, this 
type of feature is easily misinterpreted as evidence of fast grain boundary diffusion, 
especially with the good fit obtained from Le Claire’s solution to Fick’s law for diffusion 
in a semi-infinite medium, as demonstrated in Fig 6.13. The inset demonstrates the good fit 
to Crank’s solution after removing the surface layer. The diffusion coefficient was 
determined to be 4.4×10-7 cm2·s-1, which is consistent with the value obtained previously 
using the Atomika instrument. Therefore, it is crucial to distinguish the influence of the 
surface layer from effects of fast grain boundary diffusion when dealing with samples 
exchanged in a humidified atmosphere.  
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Fig 6.13 Diffusion profile of the sample exchanged at 790˚C extracted from the surface mapping 
results obtained using TOF-SIMS and the fit according to Le Claire’s solution. The inset shows the 
fit to Crank’s solution after removing the surface layer. 
 
6.3 Proton/Hydroxyl Incorporation 
In our previous studies, by comparing the oxygen diffusion coefficients obtained in dry 
and wet atmospheres, we have observed that D* values obtained from the wet exchange 
were slightly lower than those from the dry exchange, but considering the 95% confidence 
band in the linear fitting, the difference is not very significant. On the other hand, 
interestingly, a profile of ion species at m/e = 17 was observed in the sample which was 
wet exchanged (oxygen isotope exchange in H218O) at different temperatures, indicating 
that there were further diffusing species and not only 18O-. Fig 6.14 shows the profiles of 
ion species at m/e = 17 and m/e = 18 respectively with their background levels which were 
obtained from SIMS (Atomika 6500) in a sample wet exchanged at 455˚C for 30 minutes. 
Note the surface enriched layer has been excluded from the plot. The mass at m/e = 17 is 
mainly assigned to 16OH¯ species and the mass at m/e = 18 is assigned to 18O¯ species 
[221]. Apart from 18O¯ diffusion, the profile of the signal at m/e = 17 indicates the possible 
diffusion of 16OH¯ species. However, the impact from adsorbed water molecules on the 
sample surface and the residual gas in the SIMS chamber cannot be excluded.  
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Fig 6.14 The diffusion profiles of species at m/e = 17 and 18 respectively in a sample which was 
exchanged in H218O vapour at 455˚C for 30 minutes highlighting the possible OH diffusion profile 
 
In order to eliminate the influence of water from the environment, we adopted D2O 
water vapour in the exchange atmosphere to determine any incorporation and diffusion of 
the hydroxyl species. The problem we encountered with the measurement was mass 
interference which means the occurrence of two or more secondary ions with identical 
mass/charge ratio. De Souza et al have investigated the possibility of the existence of OHn 
species and identified the ions in the m/e range 16~19 [221]. According to their studies, it 
is less likely for OHn (n≥2) species to be present and therefore 19F¯ is the possible 
alternative species at m/e = 19 and 16OH¯ at m/e = 17. In the case of applying isotopic 
hydrogen (deuterium) instead of isotopic oxygen (18O) in the exchange, the possible mass 
interferences for negative secondary ions in the m/e range of 16~20 are listed in Table 6.2. 
 
Table 6.2 Possible mass interferences for negative ions in the sample annealed in D2O, with the 
natural abundance of each species displayed in the brackets (99.985% is the isotopic fraction of 1H 
and 0.015% is the isotopic fraction of 2H (D)) 
Mass/charge Possible species   
16 16O (99.76%)   
17 17O (0.04%) 16OH (99.76%*99.985%)  
18 18O (0.20%) 17OH (0.04%*99.985%) OD (99.76%*0.015%) 
19 F (100%) 18OH (0.20%*99.985%) 17OD (0.04%*0.015%) 
20   18OD (0.20%*0.015%) 
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A La2Mo2O9 sample was pre-annealed in H2O followed by exchange in D2O for 15 
minutes. The aim of the pre-annealing is to equilibrate the sample [166] if there is a flux 
between OH¯ and OD¯ (or H+ and D+) species during the exchange. The relative fraction of 
the species at m/e = 18 compared to the species at m/e = 16 (I m/e = 18/(I m/e = 18 + I m/e = 16) 
where I = intensity of the mass signal in the sample is shown in Fig 6.15. According to 
Table 6.2, m/e = 16 is assigned to 16O¯, while m/e = 18 can be assigned to 18O¯, 17OH¯ and 
OD¯. The contribution from 17OH¯ is negligible because of the low natural abundance of 
this oxygen isotope, 17O (0.04%). It is apparent that the relative fraction of the species at 
m/e = 18 is higher than the natural abundance of 18O (0.20%), which suggests the existence 
of the OD- species.  
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Fig 6.15 The relative fraction of the species at m/e = 18 compared to that at m/e = 16 in the depth 
profile of the sample pre-annealed in H2O followed by exchange in D2O for 15 minutes 
 
A line scan was also carried out using Atomika 6500 on the sectioned surface of the 
sample and the ratio of the signal at m/e = 18 to the 16O counts as a function of diffusion 
length is shown in Fig 6.16. Note that the initial fraction of the line scan profile is lower 
than the value calculated from the depth profile of the surface, because in a humidified 
atmosphere, chemisorption and physisorption of water molecules can result in a thin layer 
of water adsorbed on the oxide [219]. The isotopic fraction on the sample surface was 
likely affected by the water adsorption layer. The profile is observed to decrease before 
reaching a plateau at a relative fraction of 0.002 which is the 18O natural abundance 
(background). Taking into account the surface adsorption, the diffusion length of the OD- 
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species is about 20~30 µm depth, but the intensity is very low which means there is only a 
small degree of incorporation of hydroxyl groups. Note we did not conduct a profile at m/e 
= 2 because of the mass resolution limit of the instrument and the significant influence of 
the hydrogen signal at m/e = 1. Therefore, the question of whether protons exist as 
interstitial species or hydroxyl groups in the structure is not yet clear.  
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Fig 6.16 Line scan profile of the signal at m/e = 18 compared to m/e = 16 as a function of depth 
into the sample pre-annealed in H2O followed by exchange in D2O for 15 minutes 
 
As discussed above, in a humidified atmosphere, the hydroxyl groups generated during 
the surface reactions can be incorporated into the bulk and diffuse through the material. If 
the hydroxyl groups tend to occupy available positions for oxygen transport, the pre-
annealing in H2O may have caused a decrease in the concentration of oxygen vacancies 
which might affect further incorporation of OD¯ groups when the atmosphere is changed to 
D2O. Therefore, a further two samples were annealed in D2O vapour without pre-annealing 
in H2O atmosphere. Here it should be noted that it is likely that there will be a chemical 
potential gradient which affects the surface exchange and diffusion processes. These 
experiments were carried out in D2O at 450˚C and 800˚C respectively, to investigate if 
there is any difference in the hydroxyl incorporation between the low temperature α-
La2Mo2O9 phase and the more conductive high temperature phase, β-La2Mo2O9. 
The depth profiles of the two samples are shown in Fig 6.17. The relative fraction of the 
mass at m/e = 18 compared to 16O is higher than the 18O natural abundance, which suggests 
that there was surface incorporation of the OD- species. The surface intensity of OD- in the 
Chapter 6 Effects of humidified atmosphere on oxygen surface exchange and diffusion in La2Mo2O9 
 
 - 147 - 
sample annealed at 800˚C is lower than that in the sample exchanged at 450˚C. One 
explanation is that the fast oxygen diffusion minimized the build-up of oxygen ions 
(hydroxyl groups) near the surface. It could also be due to the difference in the mobility of 
hydroxyl species in α- and β-La2Mo2O9. Further investigation is required to interpret this 
phenomenon.  
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Fig 6.17 The relative fractions of the species of m/e = 18 compared to that of m/e = 16 in the depth 
profiles of the samples annealed in D2O at 450˚C and 800˚C for 15 minutes respectively 
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Fig 6.18 Line scan profile of the signal at m/e = 18 compared to 16O as a function of depth in the 
two samples. The depicted lines are visual aids and have no theoretical significance 
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The line scan results for these two samples are displayed in Fig 6.18. The diffusion 
length of the sample annealed at 450˚C was found to be similar to the diffusion length in 
the sample with H2O pre-annealing. This might suggest that the chemical incorporation on 
the surface is dominant, or that the mechanism of hydroxyl species incorporation is 
different from that of oxygen isotope exchange. The diffusion length did not vary 
significantly at the two temperatures, indicating that hydroxyl incorporation is not 
significantly affected by temperature, which is substantially different from the dramatic 
increase of the oxygen diffusion coefficient when the phase changes to β-La2Mo2O9, which 
might also suggest that the oxygen diffusion and the hydroxyl diffusion are two separate 
processes. However, the diffusion profiles of the two samples are slightly different, 
suggesting that there may be a difference in hydroxyl mobility in the two phases of 
La2Mo2O9. 
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              (a)                                                                           (b) 
Fig 6.19 Depth profile (a) and Line scan profile (b) of the signal at m/e = 18 compared to 16O as a 
function of depth of the sample exchanged in D2O at 450˚C for 3hrs 
 
Due to the chemical diffusion and the influence of the surface adsorption, it is difficult 
to differentiate the diffusion of hydroxyl or proton species from the surface effects, 
especially for the samples annealed for a short time. Therefore, another sample was 
annealed in D2O at 450˚C for 3 hrs. The depth profile and line scan profile are displayed in 
Fig 6.19. The surface fraction of the signal at m/e = 18 is about the same as that in Fig 6.17. 
In the line scan profile, the depth of the species of m/e = 18 is not becoming longer, even 
though the annealing time was extended from 15 mins to 3 hrs. It could imply that the 
incorporation of hydroxyl/proton species is mainly due to the chemical diffusion. However, 
due to the instrumental limitation of Atomika 6500, the confidence of line scan in which 
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the diffusion length is less than 100 µm is low, as discussed in Appendix I. Therefore, 
whether the species can diffuse further from the surface layer into the bulk still needs 
further work. 
 
6.4 Discussion 
In a humidified atmosphere, it is evident that the surface exchange rate of labelled 
oxygen is much improved. The significant interaction between water molecules and the 
electrolyte plays an important role in the surface reaction, as expressed by the following 
process: 
•×•• +↔+ iOO HOVgOH 2)(2                                               (6.2) 
The main difference from the surface reaction in dry atmosphere is that in humidified 
atmosphere, the charge carrier is the interstitial protons which can exist in the oxides [197]. 
This reaction dominates in humidified atmospheres and the surface exchange is governed 
by the water coverage which is dependent on the water vapour pressure [171].  
  
 
 
Fig 6.20 Sketch of oxygen surface incorporation and diffusion in oxides with oxygen vacancy 
defects in dry (left) and wet (right) atmospheres 
 
By comparing oxygen transport in a humidified atmosphere with that obtained in a dry 
atmosphere, it seems that there is a difference between the oxygen diffusion coefficients in 
different exchange environments. Although the difference is not dramatic, it was also 
observed by AC impedance measurements, revealing a lower conductivity in a humidified 
air flow. The same phenomenon was found in YSZ electrolytes [171, 197], but the reason 
has still remained unclear. One possible explanation is the incorporation of hydroxyl 
species in the bulk, accounting for a decrease of available positions for oxygen transport 
[218], as described as follows. 
O2- H2O 
VO˙
˙ 
VO˙
˙ 
VO˙˙ 
OOx 
OHO• 
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•×•• ↔++ OOO OHOVgOH )(2)(2                                        (6.3) 
Therefore, the diffusion coefficient for oxygen decreases and the activation energy 
increases with wet exchange. Fig 6.20 shows schematically the difference between oxygen 
surface exchange and diffusion in dry and wet atmospheres. 
However, previous studies [222] have shown that the proton concentration in YSZ is of 
the order of 10-4, much smaller than the oxygen ion vacancy concentration which is about 
10-1. Sakai et al [197] found that the extinguished vacancy is less than 0.1% in YSZ 
considering the water solubility in the material and suggested the proton interstitials hardly 
had much influence on oxygen diffusion kinetics.  
No difference in the oxygen diffusion coefficients were observed in doped ceria 
materials [171], which is explained by the high proton solubility in the bulk. Due to the 
hydrogen solubility which is about 50~100 times higher than YSZ [223], there would be a 
certain amount of water existing in the as-prepared material. Therefore, the effect of water 
on oxygen diffusion is less likely to be observed in humidified atmospheres compared to 
dry atmospheres. Hence, what has been discussed above indicates that the reactions in the 
vicinity of the electrolyte in a humidified atmosphere are complicated and dependent on 
the individual material. Further work is under way to obtain more data points and improve 
the data confidence to investigate the effect of humidified atmosphere on oxygen diffusion 
coefficients in La2Mo2O9.  
From TOF-SIMS surface mapping, a surface layer was observed in the samples after 
exchange in humidified atmosphere. The understanding of this phenomenon is essential in 
obtaining appropriate boundary conditions for the diffusion profile. To investigate the 
surface reactions in a wet atmosphere, the possible interactions between water molecules 
and oxide materials are considered firstly [224]: 1) interstitial water molecules without 
reactions; 2) reaction with oxygen vacancies, as described in Eq (6.3); 3) hydrolysed cation 
vacancy formation, in which reaction new oxide is formed on the surface and the oxygen 
ions are protonated to keep the charge neutrality; 4) bridging oxygen hydrolysis, in which 
case the water molecules decompose and the two hydroxyl groups formed bond to the 
oxide material on the surface; 5) protonation of basic sites where a low valence 
substitutional ion enhancing the possibility of surrounding oxygen ions accepting hydrogen 
ions from water molecules. In the case of La2Mo2O9, 2) and 4) are more likely because 1) 
mainly occurs in zeolitic materials; SEM-EDX images did not reveal any composition 
change in the vicinity of the surface so 3) is unlikely; and there are no substitutional ions in 
La2Mo2O9.  
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Adsorption of water molecules on the surface of oxides have been investigated 
previously [219]. Chemisorbed water layers are formed by water molecules decomposing 
and forming hydroxyl groups bonded to the oxide, in this case, YSZ, as shown in Fig 6.21. 
On top of the chemisorbed layer, water molecules are attached to two adjacent 
hydroxylated cations to form the first physisorbed water layer. More physisorbed water 
layers can exist on the surface via hydrogen bonds between water molecules. Proton 
conduction was observed in the water layers on the surface by protons hopping as charge 
carriers.  
 
H2O
H2O
Chemisorption 
Physisorption  
 
Fig 6.21 Chemi- and physi- sorption of water layers on YSZ surface (adapted from [219]) 
 
    Beneath the surface water layers, the adsorbed water molecules could react with oxygen 
vacancies to form two oxygen hydroxyl species, which is also referred to as water uptake. 
However, the water molecules do not exist as a whole in the oxide but as two hydroxyl 
species by bonding to a lattice oxygen. Studies [225, 226] have shown that the diffusing 
species is less likely to be OH-. The protons diffuse in the bulk by moving from a proton 
donor to an acceptor when the two hydroxyl groups move towards one another until a 
certain distance is approached which corresponds to a strong hydrogen bonding. The 
decrease of oxygen vacancies could be a reason for the reduced oxygen diffusion 
coefficient in humidified atmosphere, and the influence is less noticeable at high 
temperature when the water uptake is decreased [226]. Nevertheless, the proton conduction 
is dependent on the vibrations and equilibrium positions of OH-/O2-. At high temperature, 
if there is a steam pressure gradient, some proton conductors can perform as steam-
permeable membranes via ambipolar diffusion of protonic defects and oxygen vacancies 
[227, 228]. In the direction of proton diffusion, there is a counterflow of oxygen vacancies 
to keep the local electroneutrality.  Atomic oxygen and hydrogen diffuse independently 
through the lattice [227].  
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In the case of La2Mo2O9, what we have observed is quite similar to the phenomena in 
YSZ. The peculiar surface isotopic fraction on the surface is probably a result of physi- and 
chemi-sorption of water molecules and surface incorporation in the vicinity.  As to the 
oxygen diffusion in the bulk, we have to bear in mind that there are no extrinsic oxygen 
vacancies in La2Mo2O9. The material is designed to have one charge neutral position 
(denoted as □□× in this work) for oxygen transport in the lattice, as already introduced in 
Chapter 2. Therefore, one possible reaction in wet exchange between water molecules and 
lattice oxygen is: 
)( '1816'161816182 iOiOOad OHOHorOHOHOOH +→+→+ ••×                        (6.4)    
One of the hydroxyl groups takes the space at the charge neutral position □□×, leading to 
fewer positions available for oxygen transport. Comparing the fractions of deuterium 
incorporation at 450˚C and 800˚C of samples annealed in D2O, the hydrogen incorporation 
at high temperature is lower than at low temperature. The incorporated hydrogen could 
diffuse towards the bulk under the driving force of the chemical potential gradient, but the 
difference from the proton conductors is that in La2Mo2O9, there should be a balancing 
flow of the interstitial hydroxyl groups to ensure the local charge neutrality. This could 
explain why the proton diffusion was slow in La2Mo2O9.  
    Nevertheless, from what we have observed, the hydrogen incorporation in La2Mo2O9 
was not significant. Although it has been stated that LAMOX is a good proton conductor 
when the structure is in the alpha phase [134], the mechanism seems to be different in the 
literature because upon exposure to hydrogen the colour of the material changes from pale 
yellow to black. The colour change is interpreted to be due to changes in the oxygen 
vacancy concentration. Whether a humidified atmosphere affects oxygen transport in the 
bulk needs more investigation, and the understanding of the defect mechanisms in this type 
of material which does not have extrinsic oxygen vacancies is also required.  
   
6.5 Conclusions 
Oxygen exchange and diffusion was carried out in a humidified atmosphere at different 
temperatures. The diffusion profiles did not show an apparent grain boundary diffusion, 
which is different from the previously reported data [15]. Oxygen surface exchange was 
enhanced in humidified atmosphere, compared to the exchange in dry atmosphere without 
a silver coating.  Differences of oxygen diffusion coefficients in La2Mo2O9 were observed 
when compared to the results of isotope exchange in dry atmospheres in the previous 
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chapter. The humidified atmosphere is believed to have some effect on oxygen diffusion in 
the bulk. One possible reason is that the hydroxyl groups formed by water molecules 
interacting with the oxide take up available positions for oxygen transport, leading to a 
slightly decreased diffusion coefficient.  
A surface layer enriched in 18O was observed in each sample in the experiment. It is 
suggested to be due to the fast reaction between water and lattice oxygen. Great caution is 
required to obtain the appropriate boundary conditions in the diffusion profile because the 
surface layer could result in a quickly descending profile followed by the diffusion profile 
in the bulk, which would be misinterpreted as diffusion with a fast grain boundary tail. At 
low temperature, the fast surface reaction seemed to result in a surface depletion. However, 
more studies are required to understand the surface defect mechanism.  
To investigate the possibility of hydroxyl incorporation, we annealed samples in D2O 
vapour to study the incorporation and diffusion of hydroxyl species in La2Mo2O9.  It is 
evident from the results that there is significant incorporation of hydroxyl groups in the 
vicinity of the electrolyte surface and a short diffusion into the bulk in both low 
temperature and high temperature phases. Further work is under way to investigate if the 
incorporation is dependent on temperature or annealing time.  
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Chapter 7   
In-situ Studies  
of Crystal Structure and Electrical Properties 
 
7.1 Introduction 
There have been many studies of the electrical properties of La2Mo2O9 and its 
derivatives [12, 52, 111], and the crystal structure, especially the structure change during 
phase transition has drawn extensive attention [41, 45, 46]. It is well known that the phase 
transition leads to a conductivity increase by almost two orders of magnitude, which was 
explained by the opening of the unit cell structure. However, to the best of our knowledge, 
there have not been any studies to investigate the phase transition from combined in-situ 
structural and conductivity measurements.  
In this chapter, in-situ neutron diffraction and AC impedance measurements were 
carried out simultaneously, with the experimental details introduced in Chapter 3. A 
sample with a diameter of 10.8 mm and a thickness of 5.0 mm was prepared to be mounted 
in the impedance measurement rig. In-situ AC impedance measurements were carried out 
in static air in the frequency range of 5 MHz~0.1 Hz with an AC amplitude of 100 mV. 
The neutron diffraction data were recorded on the middle of the sample to avoid 
contamination from the platinum electrodes on both sides of the pellet. The crystal 
structure change during the phase transition can be closely related to the conductivity from 
AC impedance. This successful application of in-situ structure and conductivity 
measurement in the case of La2Mo2O9 indicates that this technique is feasible and can be 
employed in materials research in terms of in-situ studies, especially for materials with 
complicated structure changes during heating/cooling.  
 
7.2 Crystal Structure of α- and β- La2Mo2O9 
As introduced in Chapter 2, La2Mo2O9 exhibits two phases in different temperature 
regions. When the temperature is above around 580˚C, the crystal structure can be indexed 
with a cubic symmetry [41]; while after the phase transition to α-La2Mo2O9 below 580˚C, 
the less conductive phase presents a lower symmetry monoclinic form with a 2×3×4 
superstructure [47]. However, it is difficult to determine the superstructure of α-La2Mo2O9 
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because of the large cell volume, although Evans et al [47] proposed a structure composed 
of  312 atoms in the unit cell.  
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Fig 7.1 Time-of-flight neutron diffraction patterns of α- and β-La2Mo2O9 at 560˚C and 580˚C 
 
Fig 7.1 presents the neutron diffraction patterns of La2Mo2O9 recorded at 560˚C and 
580˚C when the material exists as the two different phases. The pattern collected at 580˚C 
is indexed as a cubic structure [41]. Clearly, at 560˚C, α-La2Mo2O9 shows a lower 
symmetry than β-La2Mo2O9 at 580˚C. The disappearance of the small extra peaks (as 
indicated by the star symbols) and the sharpening of peaks such as (123), (122) and (112) 
when the temperature is increased to 580˚C, as shown in Fig 7.1, suggests the 
transformation from a monoclinic superstructure to a cubic phase, as expected from the 
literature reports [10]. 
The impurity peak indicated by the square symbol in Fig 7.1 is from vanadium which is 
the material used in heat shields, heater element and vacuum windows of the furnace in the 
neutron diffraction equipment. It corresponds to the (110) peak at the d-spacing of 2.14 Å 
[229].  
 
7.3 Conductivity Analysis 
In Fig 7.2, the heating/cooling cycle is illustrated, with 12 data sets of impedance spectra 
recorded at each temperature to observe any change of the resistance during the dwelling 
Chapter 7 In-situ Studies of Crystal Structure and Electrical Properties 
 
 - 157 - 
time of 2 hrs for the purpose of the sample thermal equilibration. 2 hours was also the 
minimum time required to obtain good quality neutron diffraction data.  
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Fig 7.2 The temperature scheme of the in-situ diffraction and conductivity measurements, 
consisting of four stages (unit: ˚C) 
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Fig 7.3 A typical AC impedance spectrum from the in-situ diffraction and conductivity 
measurement collected at 600˚C during stage II (the last loop at this temperature) 
 
A typical spectrum from the in-situ measurement is displayed in Fig 7.3. As can be seen 
in the figure, the bulk component is not present in the spectrum so that the bulk resistance 
estimated from the fitted equivalent circuit could deviate slightly from the actual value. 
The value of R1 in the equivalent circuit is taken as the bulk resistance, while R2 is the 
grain boundary resistance. R3 and R4 are resistances from interface and electrode 
components respectively.  
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The bulk and grain boundary conductivities were analyzed separately. The last run of the 
collected 12 sets of AC impedance data was used considering the time required for thermal 
equilibration. Firstly, according to the abrupt conductivity increase of about one order of 
magnitude in the bulk conductivity, as can be seen in Fig 7.4, the phase transition 
happened between 560˚C and 580˚C, which is consistent with the previous results in 
Chapter 4. The phase transition is fully reversible during the cooling stage. The 
conductivity did not show any degeneration in the following dwelling and heating stages, 
indicating the stable electrical performance of La2Mo2O9.  
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Fig 7.4  Arrhenius plot of the bulk conductivity of the La2Mo2O9 sample during the four 
temperature stages 
 
    As shown in Fig 7.5, except for the values in the first heating stage, the grain boundary 
conductivities are consistent and reversible for the rest of the heating/cooling cycle. The 
cause of the peculiar behaviour could be the segregation of impurities along grain 
boundaries. Nevertheless, it is less likely to be the reason because the grain boundary 
conductivity degradation was not observed in other samples when an AC impedance 
measurement was conducted separately in air. Another possible reason for this 
phenomenon is that the AC impedance spectra during the first heating were affected by the 
sample thermal equilibration because of the relatively large dimension of the sample. 
During the cooling and the second heating stages, the grain boundary conductivity exhibits 
good reversibility, which indicated the suggested reason is mostly likely.  
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Fig 7.5 Arrhenius plot of the grain boundary conductivity of the La2Mo2O9 sample during the four 
temperature stages  
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(c) 
Fig 7.6 Comparison of (a) bulk, (b) grain boundary and (c) total conductivities between in-situ and 
ex-situ conductivity measurements of the same sample La2Mo2O9 
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    The same sample was measured in the AC impedance rig (at Imperial College London) 
after the in-situ diffraction and conductivity measurement, in order to verify the 
conductivity obtained from the in-situ experiment. The experimental frequency range was 
13 MHz~0.1 Hz, with the AC voltage amplitude of 50 mV. 
    Fig 7.6 presents the obtained bulk and grain boundary conductivities from the two 
measurements respectively. The two data sets seem to be consistent with each other, except 
for the slight difference of the bulk conductivity which could have been affected by the 
equivalent circuit simulation of the bulk resistance due to the loss of the bulk arc in the AC 
impedance spectrum. However, the grain boundary component is dominant in the total 
conductivity. The comparison of total conductivity in Fig 7.6 (c) implies that the two sets 
of data are consistent, determining the validity of the data from the in-situ AC impedance 
measurement. 
 
7.4 Correlation between Crystal Structure and Conductivity 
In the current study, we focused on the correlation between lattice parameters and the 
conductivities during the phase transition region. Instead of getting a whole profile 
refinement by the Rietveld method [153], the Le Bail method [152] was applied to extract 
lattice parameters from neutron diffraction patterns. Without refining the structure factors 
Fhkl of all atoms in unit cell which includes atom positions, scattering factors, atomic 
occupations and thermal factors, the Le Bail method estimates reflection intensities by 
refining unit cell parameters, background, peak shape and diffractometer parameters. It 
yields the best possible intensity values and optimal experimental parameters (background, 
unit cell etc). The extracted unit cell parameters were correlated with the conductivity 
variations during the heating and cooling stages.  
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Fig 7.7 Le Bail fitting results of the diffraction patterns of (a) α-La2Mo2O9 (560˚C) and  
(b) β-La2Mo2O9 (580˚C) based on monoclinic superstructure and cubic structure (the goodness-of-
fit, χ2, were 2.44 and 2.04 respectively). 
 
The Le Bail extraction was performed using GSAS (General Structure Analysis System) 
+ EXPGUI software (version 3.0) [230, 231]. The crystalline data of La2Mo2O9 is referred 
from the structure of α-La2Mo2O9 and of β-La2Mo2O9 in the previous reports [41, 47]. Fig 
7.7 presents two typical Le Bail fittings based on the monoclinic superstructure and cubic 
structure for the two different phases at 560˚C and 580˚C respectively. It can be seen from 
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the fitting curves that data were fitted well and therefore the obtained lattice parameters are 
reasonably reliable. 
 
Table 7.1 Lattice parameters of La2Mo2O9 indexed as monoclinic superstructure and cubic below 
and above the phase transition temperature, respectively 
 
The obtained lattice parameters at different temperatures are listed in Table 7.1. The 
agreement between the observed pattern and the calculated data is given in terms of the 
weighted-profile Rwp, which is defined as: 
∑ ∑−=
i i
iiiiiwp obsywcalcyobsywR
2/122 })]([/)]()([{                      (7.1) 
Lattice parameters (Å) 
Temp(˚C) Phase 
a b c 
β (˚) V (Å3) χ2 Rwp 
Stage I        
RT alpha 14.311(2) 21.461(1) 28.577(2) 90.364(4) 8776.4(1) 3.99 5.1% 
500 alpha 14.406(2) 21.613(2) 28.784(4) 90.362(5) 8962.1(2) 5.21 6.0% 
520 alpha 14.412(2) 21.620(2) 28.790(4) 90.361(5) 8970.2(2) 5.07 5.9% 
540 alpha 14.423(1) 21.627(1) 28.790(2) 90.397(3) 8980.3(1) 2.26 3.9% 
560 alpha 14.426(1) 21.650(1) 28.798(2) 90.385(3) 8993.6(1) 2.44 4.1% 
580 beta 7.220(3) - - 90 376.37(3) 2.04 3.7% 
600 beta 7.223(4) - - 90 376.82(4) 3.30 4.7% 
620 beta 7.227(3) - - 90 377.44(3) 2.12 3.8% 
640 beta 7.230 (4) - - 90 377.96(3) 2.45 4.1% 
Stage II & III        
600 beta 7.2234(1) - - 90 376.90(1) 3.29 4.7% 
580 beta 7.2203(4) - - 90 376.42(3) 2.16 3.8% 
570 beta 7.2202(3) - - 90 376.41(3) 2.17 3.8% 
560 alpha 14.447(1) 21.650(1) 28.818(2) 90.251(4) 9014.0(9) 1.19 2.8% 
560 alpha 14.427(3) 21.655(3) 28.826(4) 90.256(6) 9005.3(2) 5.35 6.0% 
560 alpha 14.425(3) 21.656(2) 28.820(4) 90.275(6) 9003.0(2) 5.05 5.9% 
Stage IV        
565 alpha 14.430(2) 21.660(2) 28.813(3) 90.288(5) 9005.6(2) 3.62 5.0% 
570 alpha 14.431(2) 21.668(2) 28.833(3) 90.257(5) 9015.9(2) 3.94 5.2% 
575 beta 7.2193(1) - - 90 376.25(1) 2.18 3.8% 
580 beta 7.2204(1) - - 90 376.43(1) 2.80  4.4% 
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where yi(obs) is the observed intensity at step i, yi(calc) is the calculated intensity, and wi is 
the weight. Ideally, the Rwp value should approach the statistically expected R value, Rexp,  
 ∑−=
N
i
ii obsywPNR
2/12
exp ])(/)[(                                 (7.2) 
where N is the number of observations and P is the number of parameters. The goodness-
of-fit is indicated by χ2, which is the square of the ratio between the two R values: 
2
exp
2 )/( RRwp=χ                                                   (7.3) 
The goodness-of-fit (χ2) for each diffraction pattern is below 5 and the Rwp values are 
around 5.0%, even for the alpha phase which is indexed as a monoclinic superstructure, 
which means that the fitting results are reasonably good.  
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Fig 7.8  Thermal evolution of the lattice parameters of La2Mo2O9 during heating 
 
    As can be observed in Fig 7.8, the unit cell parameters increase nearly linearly when the 
temperature is increased. For the alpha phase, the increases of lattice parameters a and b 
roughly follow the same trend line, while the parameter c is smaller than a and b, showing 
less dramatic increase with the temperature. The reason is probably that during the increase 
of the temperature, the unit cell is transforming to a cubic structure with the tilting of the 
monoclinic angle, which leads to a slower change in c axis direction. The β angle for alpha 
phase remains constant in the low temperature range which is roughly 90.4˚, consistent 
with the published crystallographic details for α-La2Mo2O9 [47]. 
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Fig 7.9 The unit cell volume change of La2Mo2O9 during different stages of temperature change 
 
The thermal evolution of the unit cell reveals an obvious deviation when the temperature 
is increased to 580˚C above the phase transition region. Fig 7.9 shows the cell volume 
change during the four stages. An important increase of the unit cell volume (about 0.4%) 
is observed when the structure transforms to the cubic phase.  
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            (a)                                                                             (b) 
Fig 7.10 Details of time-of-flight neutron diffraction patterns of La2Mo2O9 at stage I and II; (a) 
peak (123); (b) peak (122)and (112) 
  
During the cooling stage, phase transition reversibility was investigated. From the 
diffraction peak shapes of (123) (122) and (112) as displayed in Fig 7.10, a reversible 
phase transition is observed from the broadening and splitting of the peaks when the 
temperature is reduced to 560˚C. However, the diffraction pattern at 560˚C during cooling 
is slightly different from the one during heating, suggesting that the structure has not 
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completely transformed to α-La2Mo2O9. This phenomenon is consistent with the 
conductivity data in Fig 7.4 which shows higher conductivities at 570˚C and 560˚C during 
cooling than those at the same temperatures during heating. The unit cell volume details in 
Fig 7.9 reveal the similar observation, which indicates that there is a close correlation 
between the structure and the electrical conductivity. The conductivity increase/decrease 
has been reported to be due to extra unit cell volume expansion/extraction through angle 
tilting to release/decrease more space for oxygen ion transport [40]. 
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Fig 7.11 Details of time-of-flight powder neutron diffraction patterns of La2Mo2O9, showing the 
transition to the alpha phase at stage III (three patterns recorded at 560˚C are labelled by the 
dwelling time, 2h, 4h and 6h) and the transition to the beta phase at stage IV  
 
The slow transition from β- to α-La2Mo2O9 is suggested to be due to the hysteresis 
during the first-order phase transition on cooling, which has been reported previously [50]. 
Therefore, at stage III, the temperature was held at 560˚C for 6 hrs in order to study the 
hysteresis. As is displayed in Fig 7.11, the splitting and broadening of the (112) and (122) 
peaks is present in all three scans recorded every two hours at 560˚C, and the intensity of 
the shoulder peak at about 18080 µs (indicated by the arrow in Fig 7.11) increases with the 
dwelling time, both of which indicate the crystal structure is changing slowly from beta 
phase to alpha phase. The slow phase transition is consistent with the electrical 
conductivity change which shows slow increase of resistance during cooling. When the 
temperature increases at stage IV, the clear α to β phase transition is suggested by the 
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obvious peak shape change from 565˚C to 575˚C. Fig 7.12 shows the bulk and grain 
boundary conductivities from all of the AC impedance spectra taken during the period 
when temperature was held at 560˚C. The grain boundary does not show any apparent 
change, while the bulk conductivity exhibits an obvious drop at the beginning followed by 
a steady descending trend, which is consistent with the slow structure change as shown in 
the diffraction patterns. Note that the rapid conductivity decrease at the beginning could be 
partly due to thermal equilibrium in the sample after the temperature drops. The decrease 
of conductivity is corresponding to the slowly decreasing unit cell volume, as indicated in 
Fig 7.9. After the dwelling time of 6 hrs, the conductivity at 560˚C is still higher than it is 
during the heating, as also implied by the larger lattice parameters and unit cell volume, 
which means that the phase transition from beta to alpha phase is a slow process which 
takes longer than the transformation during heating. When the temperature is increased 
again, the conductivity is similar to that observed during Stage I, consistent with the unit 
cell volume as well. 
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Fig 7.12 The bulk and grain boundary conductivities of La2Mo2O9 from all of the AC impedance 
loops when the sample was kept at 560˚C for 6 hrs 
 
Fig 7.13 displays the change of bulk and grain boundary conductivity respectively at 
each temperature during Stage IV. It seems that the influence of the thermal equilibration 
at each temperature is not very significant. For example, at 565˚C and 580˚C, both bulk 
and grain boundary conductivities do not exhibit many changes during the dwelling time. 
The phase transition does not have any affect on grain boundary conductivity. The bulk 
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conductivity appears to show an increase of about one order of magnitude when the 
temperature is increased from 570˚C to 575˚C, indicating the occurrence of the phase 
transition, which is also indicated by the diffraction patterns in Fig 7.11. The slight 
increase of the conductivity at 570˚C and 575˚C might suggest the slow structure 
transformation to β-La2Mo2O9 releasing more space for oxygen conduction. 
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Fig 7.13 Bulk and grain boundary conductivities of La2Mo2O9 from all of the AC impedance 
spectra during Stage IV (the closed symbols refer to bulk conductivity, empty symbols to grain 
boundary conductivity) 
 
7.5 Conclusions 
In this chapter, in-situ neutron diffraction and AC impedance measurements were 
successfully conducted. The AC impedance rig was designed to fit in the neutron 
diffraction tank, and by comparing the obtained conductivity from the in-situ diffraction 
and conductivity measurement to the data from AC impedance measurement afterwards, 
the consistency between the two sets of data demonstrates the feasibility of applying in-situ 
neutron diffraction and conductivity measurement to solid state ionic materials.  
The neutron diffraction patterns clearly demonstrate the change of the crystal structure 
of La2Mo2O9 between alpha and beta phases during the four different temperature stages, 
as shown by splitting and broadening of several peaks such as (123) (122) and (112). The 
close relationship between unit cell parameters and the bulk conductivity of La2Mo2O9 
suggest the fast oxygen transport is dependent on the opening of the unit cell. The 
hysteresis phenomenon was observed during the cooling, exhibiting a slow phase transition 
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in the diffraction patterns accompanied by a slow decrease of the bulk conductivity and the 
unit cell volume. It suggests that the phase transition is a first-order transformation.  
Further work is required to optimize the in-situ diffraction and conductivity 
experimental system. Time resolved measurements are also required to record neutron 
diffraction data in order to detect the rapid structure change in a relatively short time 
period. The technique can be used to investigate the correlation between crystal structure 
and electrical properties in electro-ceramics in the future. 
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Chapter 8   
Conclusions & Further Work  
 
8.1 Conclusions 
La2Mo2O9 and the derived materials (the so-called LAMOX family) have been 
considered promising candidates for solid electrolytes. The motivation of the project was 
to investigate oxygen surface exchange and diffusion properties in La2Mo2O9 by studying 
the effect of microstructure on oxygen diffusion, oxygen exchange and diffusion in 
different exchange atmospheres and also the correlation of oxygen transport to crystal 
structure transition combined with electrochemical measurements.  
Firstly, two synthesis routes were employed to obtain La2Mo2O9 materials of different 
grain sizes. The sintered sample made from powder prepared by the Pechini route 
exhibited smaller grain size and higher density than the one made from powder synthesized 
by the Solid State route. Both of the sintered samples, however, did not exhibit obvious 
differences in total electrical conductivity, which was supposed to be due to the grain 
boundary component. On the other hand, the grain boundary might have suppressed the 
phase transition to some extent, according to the thermal analysis studies. A modified 
Pechini route was applied to prepare nanocrystalline powder. Combined with a novel 
multi-step low temperature sintering, dense samples with sub-micro grain size were 
successfully obtained. The conductivity was dramatically improved due to the decrease of 
the grain boundary component. It suggests that the microstructure, especially grain size, 
has a significant effect on the electrical properties of La2Mo2O9. Oxygen surface exchange 
and diffusion measurements showed that there was no obvious difference between samples 
with different grain boundary components, which indicated that the diffusion profile was 
mainly attributed to bulk diffusion. There was no fast grain boundary diffusion in the 
prepared samples, which was consistent with the grain boundary blocking effect according 
to AC impedance measurements.  
In order to overcome the difficulty of oxygen surface dissociation and incorporation in 
dry isotope exchange atmosphere (18O2 gas) for the pure ionic conductor La2Mo2O9, a 
silver thin film was deposited on the sample surface to enhance oxygen surface exchange. 
By this method, diffusion profiles were obtained at nominal temperatures of 450, 500, 550, 
600, 650 and 700˚C. The diffusion length increased with the increase of the exchange 
temperature, especially when the crystal structure transformed to the beta phase releasing 
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more space in the lattice structure for oxygen transport. Although the previously published 
report suggested the existence of fast grain boundary diffusion in La2Mo2O9 in wet 
atmosphere (H218O vapour), all of the diffusion profiles in the current work fitted well to 
Crank’s solution to Fick’s diffusion law without any additional tailing function. On the 
other hand, the activation energy was found to be 0.66 (± 0.09) eV for the beta phase and 
1.25 (± 0.01) eV for the alpha phase, different from the previous result, 1.11 (± 0.16)eV. 
These results could reflect the differences between the two exchange atmospheres.  
However, attempts to obtain diffusion profiles at higher temperature than 700˚C were 
not successful, which was believed to be due to the loss of silver at high temperature, 
restricting the surface exchange kinetics. SEM studies showed that with the increase of 
exchange temperature, the silver coating formed a network of “islands” on the surface, and 
the silver coverage was reduced from about 40% at 500˚C to less than 10% at 900˚C.  
A TOF-SIMS technique was used to investigate the influence of silver on the oxygen 
exchange and its distribution across the surface. The results showed that there was a strong 
relationship between silver agglomerates and 18O relative fraction on the surface. It was 
believed to be related to oxygen solubility in silver but on the other hand, it revealed that 
oxygen surface incorporation and exchange occurred at the interface between silver and the 
electrolyte or the TPB area. A similar result was also observed in a sample with patterned 
silver coating, showing enhanced surface exchange in the silver squares and decreased 
surface exchange at the silver/La2Mo2O9 boundary region. However, the diffusion profile 
extracted from elemental mapping showed the diffusion profile was not influenced by the 
surface phenomena. The experimental work also revealed the blocking effect of gold 
coatings on the oxygen surface exchange.  
The difference between the obtained diffusion coefficients in dry atmosphere and the 
previously reported data which was obtained in wet atmosphere may indicate there is a 
difference between dry and wet exchange atmospheres. Oxygen isotope exchange and 
diffusion measurements were applied on La2Mo2O9 samples in a wet atmosphere at 
different temperatures. All the diffusion profiles fitted well to Crank’s solution therefore it 
is more likely that the elongated tail in the published diffusion profile was due to an 
experimental artefact.  
The reliability of the results obtained from both dry and wet exchanges were compared 
by investigating the dimensionless parameter h’ = k(t/D*)0.5. For dry exchange, the h’ 
values are in the region of 0.05~0.15 with the surface 18O relative fraction below 0.1 while 
for wet exchange, the h’ values are mainly in the region of 0.1~4. Therefore, the measured 
D* and k are both relatively reliable for wet exchange but the confidence in the obtained D* 
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could be reduced in dry exchange. The activation energy for diffusion for wet exchange 
was found to be 0.99 (± 0.18) eV at high temperatures (550~800˚C) and 1.75 (± 0.14) eV 
at low temperatures (450~550˚C). Compared to the activation energies of diffusion for dry 
exchange, the difference suggested the exchange atmosphere has some effects on oxygen 
transport properties in La2Mo2O9. As to surface exchange coefficient, for dry exchange, 
due to the silver coating on the surface, k values were only used to indicate the surface 
kinetics of the interface between La2Mo2O9 and silver; for wet exchange, the high surface 
incorporation led to a very high surface isotopic fraction. Hence, the deviations of the 
obtained surface exchange coefficients could be large. The k values for wet exchange were 
consistent with the published data, higher than those for dry exchange.  
The correlation between oxygen diffusion coefficient and ionic conductivity was studied 
based upon the Nernst-Einstein relation which correlates ion diffusivity and mobility. The 
charge carrier concentration was estimated to be 5 per unit cell. The conductivity 
calculated from the diffusion coefficients from dry exchange was consistent with the ionic 
conductivity measured from AC impedance spectroscopy.  
From the difference between diffusion coefficients from dry and wet exchange, it was 
suggested that the humidified atmosphere might have some effects on oxygen exchange 
and diffusion measurements in La2Mo2O9. In a humidified atmosphere, during the surface 
exchange process, the formed hydroxyl groups could interact with the electrolyte and 
occupy a certain amount of position for oxygen transport, leading to a reduced diffusion 
coefficient. La2Mo2O9 samples were annealed in D2O vapour at both low (450˚C) and high 
(800˚C) temperatures in order to investigate the incorporation and diffusion of hydroxyl 
species in the bulk. The results showed obvious incorporation of hydroxyl species in the 
surface and also a short diffusion profiles into the bulk.  
In order to investigate the correlation between the crystal structure change and the 
oxygen transport in La2Mo2O9, in-situ neutron diffraction and AC impedance 
measurements were carried out successfully. A close relationship between unit cell 
parameters and the bulk conductivity was observed, suggesting the oxygen transport is 
dependent on the lattice structure. With the transition from alpha to beta phase, the crystal 
structure released more space for oxygen transport, leading to a dramatic increase of the 
ionic conductivity. The hysteresis phenomenon at the phase transition was also observed 
during cooling, showing a slow phase transition in the diffraction patterns with a slow 
decrease of the ionic conductivity and the unit cell volume. This successful application on 
La2Mo2O9 suggests a new technique to study crystal structure and electrical property 
simultaneously in solid state oxides.  
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8.2 Future Work 
In terms of future work, synthesis and processing procedure of LAMOX materials 
requires further improvement, in order to minimize the significant influence of the grain 
boundary blocking layer. Multi-stage low temperature sintering is a novel method to obtain 
samples with sub-micro grain size but the process needs to be optimized to obtain dense 
pellets.  
Based on the results of oxygen exchange and diffusion measurements in dry atmosphere, 
further work on the mechanism of the surface exchange reactions is essential to understand 
the rate limiting step in oxygen dissociation and incorporation process. Moreover, the 
effects of silver coatings on the diffusion and surface exchange of La2Mo2O9 ionic 
conductor requires further investigation, such as the correlation between the deposition 
conditions of the silver coating and its stability, whether the thickness of silver coating 
affects the surface exchange process, etc.  
From the comparison between dry and wet exchange, the main focus of the future work 
must be into the effects of a humidified atmosphere on oxygen surface exchange and 
diffusion in La2Mo2O9. First of all, the difference between diffusion coefficients obtained 
from dry and wet exchange is not significant in the current work considering the 
confidence in data analysis. Therefore, more data points at different temperatures are 
essential to obtain more accurate activation energy and to discuss the difference between 
the two exchange environments. On the other hand, although a short diffusion profile of 
hydroxyl species has been observed in La2Mo2O9, the diffusion length was not affected by 
the exchange temperature significantly. Whether the surface adsorption and diffusion of 
hydroxyl species are different from oxygen exchange and diffusion process needs more 
investigation, and the surface exchange and diffusion coefficient of hydroxyl species are 
crucial to the analysis as well. More importantly, whether proton conduction exists in 
La2Mo2O9 and the effects of proton transport on the crystal structure and oxygen diffusion 
require further work.  
Further work is also required to optimize the in-situ diffraction and conductivity 
experimental system. In order to detect the rapid structure change, time resolved 
measurements are required to record neutron diffraction data in a relatively short period. It 
is essential to design a compatible AC impedance measurement rig with the corresponding 
neutron diffraction instrument. The technique can be further applied to investigate the 
correlation between crystal structure and electrical properties in electro-ceramics in the 
future.
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Appendix I   
Discussion of errors and the data quality  
in oxygen exchange and diffusion measurements 
 
I.1 Limitations of SIMS technique 
In oxygen exchange and diffusion measurements, in order to extract appropriate 
conditions to obtain reliable data and estimate the errors, one has to understand the 
limitations of SIMS technique as a start. Two modes, depth profiling and line scanning, 
were employed in the measurements. Therefore, the main concerns are the depth resolution 
and the lateral resolution of each adopted SIMS instrument.  
 
I.1.1 Depth Profiling 
High depth resolution is required for high-quality depth profiles. For shallow depth 
profiles, the main concern is the ion beam mixing; while for deep depth profiles, the 
topography of the sputter crater determines the depth resolution.  
De Souza et al [166, 181, 232] have investigated the effect of ion beam mixing on depth 
profiling and estimated the lower limit of depth profiling at a certain primary beam energy. 
Ion beam mixing is a phenomenon in which the implantation of the incident ions 
introduces damage into the material lattice, leading to an amorphous matrix. Under the 
condition of a 10 KeV bombardment (Xe+ or Cs+) in perovskite oxides, the diffusion length 
should be at least 13 nm to exclude the major influence from ion beam mixing [232]. The 
longer the diffusion length is, the less the ion beam mixing effect becomes. One can 
always estimate the minimum diffusion coefficient that can be measured using the depth 
profiling technique, provided that the depth solution of the SIMS instrument and the 
maximum annealing time on the oxygen exchange rig are defined.  
When the sputtering depth is increasing, on the other hand, the effect of ion beam 
mixing is negligible, but the topography of the sputtered crater becomes a more significant 
factor in a depth profile. The roughness of the crater bottom could lead to difficulties in 
measuring the depth of the crater, leading to relatively large errors in a depth profile. 
However, it is difficult to simulate the effect of the crater bottom due to the variety in 
materials, primary ions, the incident beam angle, etc. From previous investigations [232], 
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the effect of the topography was negligible when the sample was of sufficient density (≥ 
95% of the theoretical density).  
In this work, samples were prepared at least 95% dense and the surface analysis results 
of two prepared samples for oxygen exchange are shown in Fig I.1. The sample with a 
higher relative density presented a flat, smooth surface with the RMS (root-mean-square) 
roughness being only 0.003 µm; while the other sample with a density of 95% showed a 
less even surface, the RMS roughness of which was 0.025 µm.  
 
  
(a) 
  
(b) 
Fig I.1 Surface topography of two prepared pellets for oxygen isotope exchange made of powder 
synthesized from (a) Pechini route; (b) Solid State route (the relative density is 97% and 95% 
respectively) 
 
After depth profiling on the surface, the depth of the crater and the roughness of the 
bottom were tested using a ZYGO white light interferometer. Two examples are shown as 
below, in Fig I.2 and Fig I.3. The surface RMS roughness of the crater bottoms for the 
pellets made from powders synthesized by the Pechini route and the solid state route are 
0.004 µm and 0.02 µm respectively, consistent with the surface roughness of the prepared 
sample before exchange. Therefore, the sample density and preparation are critical in 
measuring the crater depth, hence the depth profile, especially for a shallow depth profile.  
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Line 1
Line 2
 
0.75µm
 
   (a)                                                               (b) 
root-mean-square (RMS) roughness – 0.004 µm
 
                                      (c) 
Fig I.2 (a) A sputter crater after depth profiling on a sample made from the powder synthesized by 
the Pechini route; (b) a surface profile along line 1 to demonstrate the depth of the crater; (c) 
surface roughness analysis of the bottom of the sputter crater (line 2) 
 
Line 1
Line 2
 
0.74µm
 
(a) (b) 
RMS roughness – 0.02 µm
 
                                   (c) 
Fig I.3 (a) A sputter crater after a depth profiling on a sample made from the powder synthesized 
by the solid state route; (b) a surface profile along  line 1 to demonstrate the depth of the crater; (c) 
surface roughness analysis of the bottom of the sputter crater (line 2) 
 
However, each sample used for dry oxygen exchange measurements was coated with a 
silver film to enhance the surface oxygen exchange, and due to the silver agglomeration on 
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the surface, a large surface roughness was induced at the crater bottom after depth profiling, 
as demonstrated in Fig I.4. The r.m.s. roughness of the crater base is between 0.1~0.2 µm. 
It is clear that because of the silver “islands” on the surface, the crater bottom is very 
uneven and the error of the depth measurement could be relatively large. A suggestion 
could be that after exchange, the silver film should be removed before applying a depth 
profile, but great care is needed to avoid surface damage which could then lead to another 
error in the depth profile. Another suggestion is that the diffusion length should be 
increased by exchange annealing for an extended time so that a line scan can be employed 
and the error caused by the surface roughness can be relatively reduced.  
 
   
Fig I.4 Surface map (a) 2D plot and (b) 3D plot of a crater in the sample shown in Fig I.2 coated 
with a silver film on the surface and exchanged in 18O2 at 700˚C for 30 mins 
 
    The two factors discussed above are the main concerns with a diffusion profile obtained 
from depth profiling. In this work, depth profiling was mainly used to obtain the surface 
isotopic fraction, because the diffusion length is beyond the limit of depth profiling. 
Therefore, the effects of these two factors are not significant in the measurements reported 
here.  
 
I.1.2 Line Scanning 
    The limitations of line scanning are difficult to estimate. There are many factors which 
could influence the data reliability, such as the lateral resolution of the instrument, the 
experimental factor i.e. the determination of the first data point (at zero depth) in a line 
scan profile etc.   
The lateral resolution is limited by the primary ion beam diameter which is dependent on 
the primary ion beam current. Previous studies using Atomika 6500 [232] suggested the 
limit of the beam size/diffusion length (LD) ratio to be 0.1 to ensure an accuracy of about 
10% for the diffusion coefficient, D*. This means that for a diffusion length of about 50 µm, 
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the maximum beam size is 5 µm. The simulated diffusion profiles at different beam sizes 
were shown to deviate from the original diffusion profile and hence introduced errors to D* 
and k. The percentage deviation of D* and k as a function of the ratio of beam size 
(expressed as FWHM (Full Width at Half Maximum)) to diffusion length, LD, is presented 
in Fig I.5. The influence of beam size is more significant on D* than on k, with the D* 
values exhibiting an increasing trend while the k values exhibiting a decreasing trend.  
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Fig I.5 Percentage deviation in D* and k obtained from simulated linescans compared to the 
original values [232] 
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Fig I.6 Demonstration of the measurement of the beam size on Atomika 6500, right-hand-side: the 
copper slit on the sample carousel; left-hand-side: calculation of the beam size from a profile [173] 
 
 In this work, the beam size on Atomika 6500 at 5 KeV with the beam current in the 
range of 100~200 nA is 20~25 µm. The beam size was measured on a copper slit 
Cu
CuPrimary ion beam 
length
Cu intensity
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embedded on the sample carousel, as shown in Fig I.6. The primary ion beam was set up to 
scan across the edge of the copper slit. The obtained profile was used to estimate the beam 
size, as demonstrated in Fig I.6.  
However, for the diffusion profiles obtained at temperatures lower than 550˚C, the 
diffusion lengths were between 50~100 µm. The large beam size will cause an 
unacceptable error in measurements of D*. Therefore, the primary beam current was 
decreased to below 10 nA in order to reduce the beam size to about 10 µm. Although this 
beam size would lead to a D* deviation of up to 30%, it was near the limit of the instrument 
at the primary ion beam energy of 5 KeV. In this case, an instrument with a higher lateral 
resolution is suggested to be employed. Another option would be that the diffusion length 
should be modified to greater than 100 µm by increasing the exchange annealing time.  
Another factor involved in the line scanning technique is to determine the start data 
point of the diffusion profile. This stage could introduce the largest error in the 
measurement because the exact first data point is never clearly presented. A preferable way 
is to start the diffusion profile from an isotopic fraction the same as the fraction from a 
depth profile on the surface.  
There are some other experimental factors which could introduce deviations in the 
measurements. For example, the quality of the sample preparation affects the data 
collection at the sample edge, and the sample mounting would result in the surface not 
being perpendicular to the primary ion beam. It is difficult to numerate these factors, 
therefore in this work, several line scans were obtained at different positions on the same 
sample, and the standard deviation calculated from the obtained values was presented to 
indicate the possible scattering range of D* and k respectively.  
 
I.1.3 Instrumental Difference 
The limits of the SIMS technique discussed previously are specific to the Atomika 6500 
instrument which was used to obtain most of the D* and k values in this work.  An 
Atomika 4500 instrument was also applied on a few samples. The measurement details for 
both instruments are listed in Table I.1. The conditions were maintained to be roughly the 
same, but differences between the two instruments could exist and lead to a difference in 
D* and k. Therefore, measurements were carried out on both instruments to check the 
reproducibility of the results, as shown in Table I.2. The diffusion coefficients obtained 
from both instruments exhibit only 10% deviation, which means the difference caused by 
using different instruments is reasonably small. The difference in surface exchange 
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coefficients is relatively large, probably due to the difference of primary beam sizes and 
the methods applied to determine the start of a line scan profile on each instrument. 
However, Atomika 4500 was only employed to measure the diffusion coefficients of the 
samples which were dry exchanged in 18O2 and the surface exchange coefficients were not 
discussed in detail because of the silver coating on the surface so that the difference in k 
had little effect on the data presented in this work.  
 
Table I.1 Measurement details of the two Atomika instruments 
 Atomika SIMS 6500 Atomika SIMS 4500 
Gas Source N2+/Ar+ Ar+ 
Voltage  5 KeV  2.5 KeV 
Beam Current 100~200 nA 75 nA 
Beam size 20~25 µm ~10 µm 
NB: the beam size on Atomika 4500 was estimated from the width of the line scan tracks on the 
samples. FWHM value was taken as the beam size.  
 
Table I.2 Diffusion coefficients obtained on PE and SS samples exchanged at 600˚C from two 
Atomika instruments. (PE, SS – La2Mo2O9 prepared by the Pechini and Solid State route 
respectively) 
D* (cm2·s-1) k (cm·s-1) 
Instruments 
PE600 SS600 PE600 SS600 
Atomika 4500 2.1×10-7 1.6×10-7 1.2×10-7 7.1×10-7 
Atomika 6500 1.9×10-7 1.4×10-7 7.5×10-7 9.7×10-7 
 
I.2 Background Isotopic Fraction and Diffusion Length  
I.2.1 Background Isotopic Fraction 
Before oxygen isotope exchange, the sample is normally pre-annealed in 16O2 gas of 
high purity for equilibration and to remove the damage introduced by mechanical polishing. 
However, studies have shown that if the isotopic fraction of the pre-annealing gas differs 
significantly from that in the sample, the 18O isotopic fraction in the sample could deviate 
slightly during the pre-anneal [166], as detailed in Table I.3. If the background isotopic 
fraction is taken as 0.002, the profile arising from the pre-annealing process may appear as 
an elongated “tail” and may be mistaken as fast grain boundary diffusion.  
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The purity of the pre-annealing gas in this work was 99.9996%. Two La2Mo2O9 samples 
were pre-annealed at 500˚C and 700˚C for 300 mins respectively, a period which was 10 
times as long as the exchange time, and then depth profiles were conducted to obtain the 
isotopic fractions in the samples. The results are listed in Table I.4.  The background 
isotopic fraction before pre-anneal was about the natural abundance which is 0.00204 
[233], but it was increased by a certain value when the sample was pre-annealed at 
different temperatures. The instrumental factor could also affect the isotope background 
slightly. Therefore, if a “tail” is observed in a diffusion profile at a natural abundance of 
0.00204, great caution is required to interpret it.  
 
Table I.3 18O relative fractions in various oxygen gases of nominally natural isotope abundance; 
Isotopic fractions determined by TOF-SIMS analysis of oxidised silicon pieces [166] 
Purity [18O]/{[16O] + [18O]} 
99% (2.22 ± 0.25)×10-3 
99.999% (4.13 ± 0.30)×10-3 
99.9999% (5.17 ± 0.29)×10-3 
 
Table I.4 Isotopic fractions in La2Mo2O9 samples before pre-anneal and after being pre-annealed 
at different temperatures 
Samples [18O]/{[16O] + [18O]} 
Before Pre-anneal (2.10 ± 0.04)×10-3 
Pre-annealed at 500˚C (3.73 ± 0.06)×10-3 
Pre-annealed at 700˚C (4.62 ± 0.05)×10-3 
 
I.2.2 Diffusion Length Correction 
In the line scanning technique, the sample mounting is very important because the 
sample position affects the angle of the incident beam and the line scan direction. The two 
bars from the same sample were mounted by silver paste on a silicon piece for conducting 
purpose. The samples were positioned carefully on the carousel to ensure the edge where a 
line scan is supposed to start at is either horizontal or perpendicular to the line from the 
carousel centre to the sample position centre, in order to ensure the line scan is along the 
diffusion direction. However, a small deviation is unavoidable in the experiments. On the 
other hand, the actual line scan length is slightly different from the input value for line scan. 
Therefore, the diffusion length was corrected afterwards using ZYGO on each sample. An 
example is illustrated in Fig I.7.  
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edge θ
Llinescan
LDiffusion=Llinescan sin(θ)
LDiffusion
 
Fig I.7 Diffusion length correction from the line scan track using ZYGO 
 
I.3 Error Discussion 
I.3.1 Surface Isotopic Fraction 
Depth profiling was employed to obtain the surface isotopic fraction on each sample. 
During depth profiling, the mass spectrometer detects counts of 16O and 18O secondary ions 
at certain time intervals. The counts of each species can be modelled by a Poisson 
distribution: 
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in which k is the number of occurrences of an event; and λ is the expected number of 
occurrences that occurred during the given interval. The standard deviation of the Poisson 
distribution is: 
λσ =                                                                  I.2 
Therefore, the standard deviations of 16O and 18O in a depth profile are: 
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In a depth profile of oxygen isotopes, the 18O relative fraction is calculated by  (3.26, 
provided that the extraction efficiencies in SIMS for 18O and 16O are about the same 
because they are chemically identical. The fraction of 18O is much smaller than that of 16O, 
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The error was calculated from the depth profile of each sample and was added to the 
surface isotopic fraction in the corresponding plot.  
I.3.2 Derived D*, k and Ea 
As discussed previously, the influence of depth profiling on the deviation of D* is about 
10% provided the sample is prepared at least 95% dense. If the line scanning technique is 
applied, the deviation of D* can be controlled to 10% if the lateral resolution is within the 
requirement as mentioned before. For samples exchanged at low temperatures, the 
deviation could be increased to 20~30%.  
In this work, line scanning was employed to obtain the diffusion profile on all of the 
samples, with depth profiling on the surface to obtain the surface isotopic fraction to 
determine the start of the diffusion profile. The influence of depth resolution on the 
derivation of D* is negligible. Therefore, 10% error bar was added to each derived D* 
when the diffusion length was longer than 100 µm (β-La2Mo2O9), while 30% error bar was 
added to the value when the diffusion length was smaller than 100 µm (α-La2Mo2O9). 
However, other experimental factors, such as the edge of the sample bar where a line scan 
started, drift in the primary ion beam, fitting errors in the derivation of D*, etc, could bring 
forward a larger deviation in D* than the error from the lateral resolution. Therefore, 
several line scans (at least two) were carried out at different areas on the same sample, and 
the scattering of the data points with respective error bars is supposed to indicate the range 
of D*. Standard deviation calculated from the scattering is presented as the error bar on the 
average value of the obtained oxygen diffusion coefficients.  
As to the derived k which depends significantly on the surface isotopic fraction, the 
estimation of errors for k is complicated, because the surface isotopic fraction for dry 
exchanged samples was affected by the applied silver coating on the sample surface. Hence, 
the k values from several measurements on the same sample were presented to indicate the 
scattering range. Standard deviation is shown as the error bar on each data point. 
The activation energy Ea was calculated from the Arrhenius plot of oxygen diffusion and 
surface exchange coefficient respectively. A straight line was fitted to the data points based 
on the Least Square method and then Ea was deduced from the gradient. Nevertheless, the 
small number of diffusion coefficient data points in each phase of La2Mo2O9 implies that 
the error for Ea calculation could be relatively large. Therefore, 95% weighted confidence 
limits for the fitted line were also presented [234], in order to show the possible range of Ea. 
The standard deviation calculated from the 95% confidence limits is presented for Ea 
values in this work.  
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I.3.3 Exchange Temperature & Duration 
Although the furnace was rolled on and off during the exchange experiment, it still took 
about 3~5 mins to increase to the intended temperature and to quench the sample, during 
which period the diffusion might have occurred at varied temperatures. The estimation of 
the exchange temperature and duration has been discussed before by De Souza [232] based 
on the principle of the effective duration of a linear slow-cool proposed by Killoran [235], 
shown in I.6.  
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An example of the application of one of the temperature-time profiles in this work is 
shown below. Fig I.8 shows an exchange temperature-time profile. As shown in Fig I.9, 
the corrected annealing time is estimated to be 1933sec and the exchange temperature is 
corrected to be 697˚C. The error of the anneal temperature is estimated to be 2˚C, 
providing 697˚C as the average temperature within ten degrees of the maximum value. The 
error of temperature is very small, only about 0.2% in the Arrhenius plot of D* and k. At 
low temperature, the temperature variation might be higher. For example, for the exchange 
carried out at 450˚C (intended temperature), the corrected temperature is 447˚C, with an 
error of 2.5˚C (about 0.4% error in the Arrhenius plots). The errors of temperatures on x 
axis in Arrhenius plots are relatively small so that the error bars are not shown.  
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Fig I.8 The temperature-time profile of the oxygen isotope exchange in 18O2 at the intended 
temperature, 700˚C 
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Fig I.9 Corrected annealing time against the activation energy for oxygen exchange at 700˚C 
(intended temperature)  
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Appendix II  
Stability of silver coatings on La2Mo2O9 
 
Silver coating was applied on each sample for dry exchange in 18O2 atmosphere. The 
sputter conditions for all the samples in this study were kept constant. The deposition 
current was 50 mA with the deposition time of 2 mins (K575X Turbo Sputter Coater, 
EMITECH). By testing the thickness of the silver coating on a polished silicon slice under 
the same sputter conditions for one minute, the deposition rate was estimated to be about 
50 nm/min. Therefore, the thickness of the silver coating on all the exchange samples was 
around 100 nm.  
As discussed in Chapter 5, there was no evidence that the silver coating had reacted with 
La2Mo2O9, even though the exchange temperature was as high as 900˚C. However, when 
the sputter current was changed to 25 mA and the thickness of the silver film was about 40 
nm, evidence of reaction between Ag and La2Mo2O9 was observed by XRD.  
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            (a)                                                                            (b) 
Fig II.1 XRD patterns of La2Mo2O9 samples with 40 nm thick Ag coating sputtered at 25 mA 
current (a) exchanged at 650˚C (b) exchanged at 700˚C for30 mins 
  
Fig II.1 shows that at 650˚C, the silver coating was still chemically stable on La2Mo2O9 
while after the temperature was increased to 700˚C, reaction peaks of silver-lanthanum-
molybdenum compound appeared. Compared with the samples with 100 nm silver coating 
sputtered at 50 mA, it seems that the reaction is due to the change in the silver coating 
conditions. Depth profile was obtained on the surface of the sample exchanged in 18O2 at 
700˚C for 30 mins, shown in Fig II.2. The surface isotopic fraction is close to the natural 
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abundance background in this sample, which means the formed silver compound does not 
enhance the oxygen surface exchange.  
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Fig II.2 Depth profile of a sample with 40 nm thick silver coating sputtered at 25 mA current 
exchanged at 700˚C for 30 mins 
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Fig II.3 Profiles of Ag and 18O as a function of sputter time on the sample with a 150 nm thick 
silver layer sputtered at 25 mA current exchanged at 700˚C for 30 mins 
 
A depth profile obtained using TOF-SIMS on a sample with a silver coating of about 
150 nm thick (the sputter current was 25 mA) is shown in Fig II.3. It is apparent that 18O 
relative fraction is related closely to the silver coating. The relative fraction dropped to the 
natural abundance, 0.002, with the abrupt decrease of silver intensity, which means there is 
no oxygen isotope exchange below the silver layer and the high 18O relative fraction above 
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the electrolyte surface is probably due to the dissolution of oxygen in the silver bulk, as 
discussed in Chapter 5. 
The SEM image of the sample with 40 nm thick silver coating after exchange is shown 
in Fig II.4 (a). The sample with a silver coating of about 150 nm thick sputtered at 25 mA 
was also studied, with the SEM image shown in Fig II.4 (b). The surface of the former 
sample suffers from the loss of silver apparently, while the loss of silver for the latter is not 
serious.  However, the same surface reaction was observed by the XRD technique on the 
sample with 150 nm thick silver coating and the morphologies of silver islands on both 
samples are different from that of the sample with a silver coating sputtered at 50 mA as 
illustrated in Fig 5.8 (c). It might indicate that the chemical stability of the silver coating on 
La2Mo2O9 is related to the sputter current as well as the exchange temperature.  
 
  
(a)                                                                           (b) 
Fig II.4 The SEM images of the samples with a silver coating of about 40 nm (a) and 150 nm 
(b)sputtered at a current of 25 mA respectively after dry exchange at 700˚C for 30 mins 
 
In this work, all the samples exchanged in 18O2 were coated with silver under the same 
conditions and the XRD patterns did not exhibit any impurity peaks. Therefore, it is 
suggested that the silver coating in this work did not have a significant effect on the sample 
composition. However, what was discussed above indicates that there is a possibility that 
silver can react with La2Mo2O9 therefore great caution should be taken when applying 
silver coating in dry exchange. It is likely that the chemical stability of silver is related to 
the sputtering conditions of the silver coating and the dry exchange temperature. The 
mechanisms of surface reaction still need further investigation.  
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